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I.  EXECUTIVE  SUMMARY 


This  report  reviews  the  current  status  of  bioremediation 
technology  for  the  detoxification  and  degradation  of  hazardous 
landfill  leachates  and  groundwaters.  Bioremediation  technology 
for  the  treatment  of  industrial  pollutants  is  considered  to  be  both 
technologically  feasible  and  economically  promising.  Significant 
advances  have  been  made  in  recent  years  in  the  areas  of  in 
bioengineering  and  process  design,  microbial  ecology  and  strain 
development  which  are  leading  to  the  introduction  of  novel 
commercial  systems  for  industrial  wastewater  remediation. 

The  present  report  is  organized  into  four  technical  sections. 
The  first  reviews  the  status  of  competing  non-biological 
remediation  technologies  so  that  their  relative  strengths  and 
weaknesses  can  be  assessed  against  biological  treatment.  In  the 
second  technical  section  of  the  report,  the  fundamental  principles 
and  environmental  factors  governing  the  feasibility  of 
bioremediation  by  degradative  microorganisms  are  reviewed. 
This  section  also  includes  discussions  on  the  development  and 
application  of  improved  degradative  microorganisms,  on  the 
importance  of  laboratory  biotreatability  testing,  and  information 
on  the  treatability  of  different  organic  pollutants. 

In  the  third  technical  section,  the  main  section  of  the  report, 
a  comprehensive  survey  of  traditional  and  emerging 
bioremediation  processes  for  industrial  wastewater  and  leachate 
treatment  is  presented  with  examples  from  actual  case  studies.  In 
the  final  technical  section,  a  microbiological  and  chemical  risk 
assessment  for  biological  treatment  processes  is  presented. 
Recommendations  for  the  future  implementation  of  this 
promising  new  technology  for  the  remediation  of  Ontario  landfill 
leachate  problems  are  proposed  in  the  final  section. 
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n.  INTRODUCTION 


Ontario  is  one  of  the  most  thriving  and  prosperous 
provinces  in  Canada.  It  has  a  very  strong  industrial  base, 
comprised  of  eight  sectors  (as  classified  by  the  Municipal 
Industrial  Strategy  for  Abatement  (MISA)  Technical  Council, 
1987),  including  petroleum  refining,  pulp  and  paper  production, 
and  iron  and  steel  industries.  These  industries,  as  well  as 
Ontario's  large  population,  generate  millions  of  tons  of  industrial 
wastes  and  municipal  refuse  annually.  A  significant  amount  of  the 
solid  wastes  produced  is  currently  disposed  of  via  Ontario's  1600 
active  landfill  sites  (in  addition  to  2000  closed  waste  disposal 
sites). 

Does  this  practice  of  sending  the  wastes  to  the  landfill  sites 
really  alleviate  our  waste  problems?  Perhaps  not.  Several 
concerns  have  been  raised  by  environmentalists,  municipal 
planners  and  waste  disposal  engineers.  These  are  as  follows: 

(1)  The  ever  growing  load  of  our  industrial  and  municipal 
waste  is  beginning  to  swallow  up  the  limited  available 
space  for  landfill  sites,  especially  in  and  around  the 
more  densely  populated  urban  areas.  Metropolitan 
Toronto  already  has  filled  all  its  urban  landfill  sites, 
and  the  recent  attempt  to  open  up  new  landfill  sites  at 
Pickering  has  been  rejected.  The  Peel  region  is  having 
a  landfill  emergency  as  the  Britannia  landfill  site  is 
being  filled  up  at  a  15%  faster  rate  than  was  originally 
anticipated  (Ibuki,  1987). 

(2)  New  landfill  sites  are  becoming  expensive  because  of 
the  extensive  development  of  available  nearby  land  for 
residential  or  industrial  use. 

(3)  Contamination  of  groundwater  by  toxic  landfill 
leachate  in  Ontario  is  well  recognized  and  has  been  a 
major  environmental  concern  both  in  the  scientific 
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community  (Israelson,  1987;  MacKay  et  al,  1985; 
Barker  et  aL,  1987)  and  amongst  the  general  public  at 
large  (Esch,  1988). 

According  to  a  scientific  report  that  was  prepared 
recently  by  World  Widelife  Fund  for  the  Canadian 
Federal  Government,  toxic  chemicals  and  pesticides 
are  alleged  to  cause  (a)  poisoning  of  Canadian  wildlife, 
(b)  tumors  in  Lake  Ontario  fish,  (c)  metal 
contamination  in  moose  and  deer,  (d)  bioaccumulation 
of  toxic  chemicals  and  metals  (derived  from  acid  rain 
leached  contaminated  soils)  in  sugar  maples  and  other 
vegetation,  (e)  contamination  of  farmland,  and  (f)  a 
health  threat  to  the  surrounding  communities 
(Israelson,  1987). 

Leachate  exiting  from  a  landfill  via  subsurface  seepage 
or  breakouts  to  the  ground  surface  can  impact  nearby 
groundwater  and  surface  water  environments.  Once  in 
the  groundwater,  some  organic  chemicals  are  difficult 
to  remove.  This  is  of  particular  concern  where  the 
water  is  to  be  used  for  drinking  and  cooking  purposes. 
Even  low  concentrations  (parts  per  billion)  of  some 
toxic  chemical  contaminants  in  drinking  water  are 
unacceptable  since  these  can  cause  taste  and  odour 
problems  and  potential  detrimental  health  effects 
(such  as  skin  and  other  types  of  cancer,  birth  defects, 
and  kidney  ailments). 

(4)  Public  concerns  about  the  impact  of  landfills  on 
groundwater  and  soil  quality,  public  health  and  safety, 
traffic  flow,  social  issues,  and  on  the  quality  of  life  in 
general  must  be  considered  and  evaluated  for  each  new 
candidate  landfill  site.  The  environmental  assessment 
process  for  each  new  landfill  site  application  can  be 
expected  to  take  a  year  or  more  to  complete. 


In  the  United  States,  74  million  metric  tons  of  hazardous 
waste  is  expected  to  be  generated  in  1988  (at  an  annual  growth 
rate  of  35%)  by  manufacturing  industries  (Worthy,  1982).  Love 
Canal  has  become  a  national  symbol  of  the  perils  of  industrial 
pollution.  The  U.  S.  Environmental  Protection  Agency  (EPA),  in 
response  to  public  health  concerns  and  the  need  to  protect  the 
country's  natural  water  resources,  has  identified  951  American 
landfill  sites  (designated  Superfund  sites)  as  "priority"  areas 
requiring  expedited  cleanup.  This  agency  has  specified  another 
25,000  sites  as  potentially  requiring  special  monitoring  (Smart, 
1987). 

How  well  is  Canada  faring  in  comparision?  At  present,  only 
a  few  of  our  hazardous  landfill  sites  such  as  Gloucester  landfill 
near  Ottawa  (Whittaker,  1987),  Highway  101  landfill  in  Halifax, 
N.S.  (Wright  et  aL,  1986)  and  Peel  County's  Britannia  Road 
landfill  (Vicevic  et  al,  1987)  have  been  undergoing  special 
treatment  procedures  to_remove  toxic  wastes  leaching  from  the 
dumpsites. 

There  are  41  priority  waste  disposal  sites  in  36 
municipalities  in  Ontario,  which  have  been  identified  by  the 
Ontario  Ministry  of  Environment  (MOE)  as  having  potential  to 
negatively  impact  the  surrounding  environment  (Sibul,  1987). 
These,  as  well  as  numerous  other  active  and  inactive  sites,  are 
believed  to  be  leaching  hazardous  materials  (Barker  et  aL,  1987; 
ProulxeroZ.,1987). 

Contaminated  surface  breakouts  or  underdrain  and  toe- 
drain  leachates  are  collected  at  numerous  landfill  sites  in  Ontario. 
At  present,  the  collected  leachates  from  many  of  these  landfill 
sites  are  sent  directly  to  local  municipal  sewage  treatment  plants 
where  partial  or  complete  detoxification  may  occur,  depending  on 
the  complexity  of  the  waste  and  other  factors. 

Leachate  generation  has  been  reported  in  the  literature  by 
numerous  authors  to  be  variable  in  both  in  quantity  and  quality  in 
different  landfill  sites  (Table  1).  Leachate  quality  will  be  affected 
by  the  surrounding  industrial  base  and  the  nature  of  the  landfill  in 
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TABLE1 

CONTAMINANTS  FOUND  IN  LANDFILL  LEACHATESa 


Contaminant 

T  anHfill  Site! 

5t> 

Borden 

Woolwich 

North 
Bay 

New 
Borden 

Upper 
Ottawa 

Street 

Tricil 

Aliphatic, 

20 

>  10,000 

>300 

— 

>1000 

— 

aromatic 

and  carbox- 

ylic  acids 

Carbon 

<1 

5 

^4 

9 

P 

n.d. 

tetrachlor- 

ide 

Chloroform 

<1 

20 

<1 

25 

5 

n.d. 

Trichloro- 

1 

37 

2 

750 

P 

n,d. 

ethylene 

Trichloro- 

n.d 

7 

<1 

90 

20 

8.44 

e  thane 

Tetrachloro- 

n.d 

2 

<1 

<1 

<1 

n.d. 

ethylene 

Acetone 

<1 

. 

6 

- 

6 

- 

Tetrahyd- 

P 

- 

9 

- 

200 

- 

rofuran 

1,4-Dioxane 

n.d. 

- 

<1 

- 

P 

- 

(continued) 
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TABLE1  (Cont'd) 
CONTAMINANTS  FOUND  IN  LANDFILL  LEACHATES 


Contaminant  Landfill  Sites 


Borden      Woolwich       North  New  Upper    Tricil 

Bay  Borden         Ottawa 

Street 


Benzene  3                70            51  50  60      7920 

Toluene  1             7500            60  1400  2600      9520 

Xylenes  <1               700           140  500  3500 

Ethylben-  <1             1100            64  120  700      3320 

zene 

2,4-^,4-  rud.                 10          250  70  450 

Tetramethyl- 

benzene 

Chloroben-  n.d.              n.d.          105  n.d.  110 

zene 

Dichloro-  <1              n.d.            13  n.d.  5 

benzenes  „„„ 

Naphthalene  n.d.                50            15  260  p      2350 

Phenols  1100            10  p  P            " 

Benzothio-  <1                30            10  n-d.  p 

zoles 

PAH's  -                            n.d.  -  n-d. 

Phthalates  <1                 p          110  p  P 


^Source:  Barker  et  al.,  1987. 

t'The  approximate  concentrations  (mg/L)  of  selected  organic  contaminants  found  m 

leachate  -  contaminated  groudwaters  at  six  landfill  sites. 

p  =    detected  but  concentration  not  estimated 

n.d.        =     not  detected 

=     not  determined 
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general  (soil  types  and  structure,  pH,  etc.).  In  general,  the 
strength  of  the  leachate  will  increase  with  the  depth  of  the  landfill 
as  shown  in  Table  2  (Applied  Technology  Associates,  1977),  and 
will  decrease  with  the  age  of  the  landfill  as  illustrated  in  Table  3 
(Applied  Technology  Associates,  1977;  Wright  et  aL,  1986;  Barker 
et  aL,  1987). 

The  types  and  concentrations  of  chemicals  in  the  landfill 
leachates  collected  from  a  number  of  Ontario's  landfill  sites  are 
shown  in  Table  1.  As  illustrated  by  these  examples,  many 
hazardous  chemicals  including  inorganics  (halides  and  metals), 
alkanes,  aromatics,  poly-nuclear  aromatics,  and  chloro-organics, 
are  found  in  the  Ontario  leachates.  Many  of  these  compounds 
have  been  listed  as  "priority  pollutants"  by  the  EPA  (Denit,  1984), 
MOE  (MOE,  1982)  and  by  the  Ontario  MISA  program  (MISA, 
1987). 

The  present  sewage  treatment  plants  in  Ontario  are  neither 
adequately  designed  nor  sufficiently  well  equipped  for  detoxifying 
or  degrading  hazardous  xenobiotic  chemicals,  i.e.  novel  man-made 
synthetic  chemicals  (Israelson,  1987).  Furthermore,  the  addition 
of  toxic  leachate  to  municipal  plants  may  pose  a  health  hazard  to 
the  sewage  treatment  plant  workers.  A  recent  medical  report  by 
the  Ontario  Workers  Health  Centre  showed  that  73  out  of  100  of 
Toronto's  main  sewage  treatment  plant  operators  were  suffering 
from  such  ailments  as  skin  disease,  lung  dysfunction,  hearing 
impairment,  kidney  problems,  hepatitis  and  parasites  (Walker, 
1987).  Some  of  these  problems  are  believed  to  result  from  the 
handling  of  toxic  chemical  pollutants.  At  some  sites  lacking 
municipal  sewage  treatment  facilities,  leachate  may  be  discharged 
into  surrounding  waterways  of  farmlands,  where  they  may  pose  a 
serious  threat  to  the  environment.  The  challenge  of  the  coming 
years  will  be  to  develop  sound  remedial  programs  for  the 
treatment  and  disposal  of  such  leachates,  with  biological  processes 
being  one  of  the  most  promising  options. 

The  purpose  of  the  present  study  is  to  review  recent 
developments  which  have  been  made  in  the  field  of  biological 
treatment  of  hazardous  wastes,  in  order  to  assess  its  potential 
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TABLE2 
EFFECT  OF  LANDFILL  DEPTH  ON  LEACHATE  COMPOSITION3 


Concentration  (mg/D 

Parameter 

0.76m 
Fill 

1.98m 
Fill 

3.1m 
Fill 

Alkalinity,  as  CaC03 

10,630 

16,200 

20,850 

BOD5 

14,760 

26,200 

33360 

Chloride 

951 

2,000 

2310 

Hardness,  as  CaQ^ 

7,600 

13,100 

10,950 

Total  Nitrogen 

613 

1389 

2308 

Sodium  and  Potassium 

1,634 

3,963 

5,109 

Total  Solids 

21,140 

49,800 

59,000 

aSource:  Applied  Technology  Associates,  1977. 
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TABLE3 
THE  EFFECT  OF  TIME  ON  RAW  LEACHATE  COMPOSITION 


PARAMETER 


AVERAGE  AGE  OF  FILL  MATERIAL 
0.5  yr  6  yr  17  yr 


Alkalinity 

Arsenic 

Barium 

BOD5 

Chloride 

COD 

Copper 

Cyanide 

Fluoride 

Hardness 

Iron 

Manganese 

Nitrate 

pH 

Phosphate 

Sodium 

Sulfate 

Total  Dissolved  Solids 

Zinc 


Î255D 

4.159 

1.001 

431 

0.1 

4.6 

8.5 

0.8 

03 

54610 

14000 

225 

1.697 

133 

135 

39680 

8000 

40 

0.05 

0.05 

0.05 

0.024 

0.005 

.  0.02 

- 

2 

031 

7.8 

12 

5.4 

5.5 

63 

0.6 

1.66 

0.06 

0.06 

1.7 

0.7 

1.64 

m 

63 

7.0 

2 

0.4 

1.0 

900 

810 

74 

6.80 

2 

2 

19144 

6794 

1190 

m 

0.13 

0.10 

^Source:  Applied  Technology  Associates,  1977 
bAll  units  are  mg/L  except  pH  (pH  units) 
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applicability  for  Ontario  landfill  leachate  remediation.  Such 
information  is  intended  to  provide  a  basis  for  undertaking  any 
field  directed  research  in  this  area.  The  specific  objectives  of  the 
study  were: 


(1)  To  evaluate  the  feasibility  of  both  traditional  and  newly 
emerging  biological  treatment  technologies  (relative  to 
conventional  physical  and  chemical  processes)  for 
hazardous  leachate  management; 

(2)  To  identify  critical  process  parameters  affecting  the 
suitability  of  biological  treatment  of  hazardous 
leachates; 

(3)  To  review  recent  progress  in  the  development  of 
commercial  specialty  treatment  cultures  for  industrial 
pollutant  biodégradation,  concentrating  on  natural  (i.e. 
non-genetically  engineered)  microorganisms; 

(4)  To  provide  a  risk  assessment  of  biological  treatment 
processes;  and 

(5)  To  make  recommendations  for  biological  process 
implementation  in  Ontario,  including  timing  and 
identification  of  research  needs. 


The  information  presented  in  this  report  has  been  drawn 
from  a  wide  range  of  sources,  including  a  review  of  the  scientific 
and  public  literature,  attendance  at  several  recent  waste 
management  conferences,  discussions  with  experts  in  the  field 
from  university,  government  and  industry,  and  site  visits  to  a  few 
North  American  landfill  sites  receiving  biological  treatment 
(Table  4). 
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TABLE4 
UST  OF  PERSONS  CONTACTED 


PERSON  CONTACTED 


COMPANY  OR 
INSTITUTION 


Austin,  Tom 

Barker,  James 
Bourquin,  Al 

Carter,  Ian 

Crawford,  Ronald 
Croston,  Michael 
Dawe,  Robin 


Landfill  Leachte 
Treatment  Plant 
Sackville,  NS 

Univ.  of  Waterloo 
Waterloo,  Ont. 

ECO  VA  Corp 
Redmond,  Washington 


MOE  lab.  Service 
Etobicoke,  Ont. 

Univ.  of  Idaho 
Moscow,  ID 

CMS  Rotodisk  Inc. 
Mississauga,  Ont. 

TRICILLtd. 
Sarnia,  Ont. 
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TABLE  4  (cont'd) 
LIST  OF  PERSONS  CONTACTED 


PERSON  CONTACTED 


COMPANY  OR 
INSTITUTION 


De  Bakker,  John 
DiGiano,  Francis 
Drbic-Galic,  Dunja 
Elion,  Derek 
Ferguson,  Mark 
Ferris,  John 
Friendly,  David 


MOE 

Thunder  Bay,  Ont. 

Univ.  of  North  Carolina 
Chapel  Hill,  NC 

Stanford  University 
Palo  Alto,  CA 

Maclaren  Plansearch 
Willowdale,  Ont. 

Maclaren  Engineers 
Willowdale,  Ont. 

Petro  Canada 
Trafalgar,  Ont. 

Petro-Canada 
Trafalgar,  Ont. 
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TABLE  4  (cont'd) 
LIST  OF  PERSONS  CONTACTED 


PERSON  CONTACTED 


COMPANY  OR 
INSTITUTION 


Hunter-Cevera,  Jeanie 
Irvine,  Robert 
Jackson,  Danny 
Jerger,  Douglas 
Khettry,  Rajib 
Klug,  Tom 


Cetus  Corp. 
Emeryville,  CA 

Univ.  of  Notre  Dame 
Notre  Dame,  IN 

Radian  Corp. 
Austin,  TX 

O.H.  Materials  Co. 
Findlay,  OH 

MOE 
Toronto,  Ont. 

Zenon  Environmental 

Inc. 

Burlington,  Ont. 
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TABLE  4  (cont'd) 
LIST  OF  PERSONS  CONTACTED 


PERSON  CONTACTED 


COMPANY  OR 
INSTITUTION 


Maat,  Derk 
Mayes,  John 
McKenzie,  Cain 

Mitchell,  Wayne 

Moroney,  Michael 
Opatken,  Edward 


Maclaren  Plansearch 
Willowdale,  Ont. 

MOE 
Hamilton,  Ont. 

Ont.  Petroleum  Assoc. 
Toronto,  Ont. 

US  Army  Biomedical 
Res.  Lab. 
Frederick,  MD 

MOE 
Sarnia,  Ont. 

EPA 
Cincinnati,  Ohio 
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TABLE  4  (cont'd) 
LIST  OF  PERSONS  CONTACTED 


PERSON  CONTACTED 


COMPANY  OR 
INSTITUTION 


Ovcjak,  Joe 
Pagano,  Al 

Pauss,  Andre 
Pritchard,  Hap 
Raymond  Jr.,  Robert 
Rayner,  Joy 
Redhead,  Robert 


Metropolitan  Works  Dept. 
Toronto,  Ont. 

Dupont  Water 
Treatment  Plant 
Deep  Water,  NJ 

Biotech.  Res.  Institute 
Montreal,  Que. 

U.S.  EPA 
Guelph  Breeze,FL 

Biosystems 

Chester  Township,  PA 

MOE 
Hamilton,  Ont. 

TRICILLtd. 
Sarnia,  Ont. 


TABLE  4  (cont'd) 
LIST  OF  PERSONS  CONTACTED 


PERSON  CONTACTED 


COMPANY  OR 

INSTITUTION 


Schwartz,  Leander 
Stern,  Arthur 
Suflita,  Joseph 
Vicevic,  Glenn 

Vogel,  Tim 

Walker,  Bill 

Ward,  Calvin 
Wilson,  John 

Yazici,  M. 

Young,  Lily 


Univ.  of  Wisconsin 
Green  Bay,  WI 

EPA 

Washington,  DC 

Univ.  of  Oklahoma 
Norman,  OK 

Ontario  Research 
Foundation 
Mississauga,  Ont. 

Michigan  State  Univ. 
East  Lansing,  MI 

M.M.  Dillon  Co. 
London,  Ont. 

Rice  University 

U.S.  EPA 
Ada.  OK 

CMS  Rotordisk  Inc. 
Mississauga,  Ont. 

NYU  Medical  Center 
New  York,  NY 
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m.  REVIEW  OF  PHYSICAL  AND  CHEMICAL 

TREATMENT  PROCESSES  FOR  HAZARDOUS 

LANDFILL  LEACHATES 


The  primary  interest  in  this  study  is  to  evaluate  the 
feasibility  of  biological  treatment  of  hazardous  landfill  leachates. 
However,  the  applicability  of  biological  treatment  must  be  judged 
against  the  strengths  and  weaknesses  of  the  available  physical  and 
chemical  processes,  which  have  been  traditionally  used. 
Furthermore,  some  of  the  newly  developed  pilot  or  full  scale 
biological  wastewater  treatment  systems  employ  certain  chemical 
or  physical  methods  at  some  stage  of  the  process  for  reasons  of 
economy  and/or  efficiency  in  removal  of  contaminants  in  the 
wastewater  to  meet  the  requirements  of  the  environmental 
regulating  agencies  before  discharging  the  effluent  to  the  sewage. 
Some  of  the  most  popular  leachate  treatment  technologies  have 
been  compiled  in  a  manual  (Shuckrow  et  al.,  1982).  The 
advantages  and  disadvantages  of  the  major  chemical  and  physical 
methods  used  by  industries  in  the  treatment  of  their  wastewaters 
will  be  briefly  reviewed  in  this  section. 

Data  on  the  treatability  of  more  than  500  compounds  by 
selected  chemical  and  physical  technologies  have  been 
summarized  in  a  recent  EPA  report  (Shuckrow  et  al,  1980). 

The  feasibility  of  any  waste  treatment  process  must  be 
assessed  against  the  guidelines  of  the  municipal  and  provincial 
regulatory  agencies,  under  whose  jurisdiction  the  waste  will  be 
treated.  Firstly,  governments  at  all  levels  are  requiring  industries 
to  significantly  reduce  hazardous  waste  generation.  Secondly, 
treatment  objectives  are  often  specified  on  a  case  by  case  basis 
depending  on  composition  of  the  waste.  One  landfill  site  may 
have  a  majority  input  of  food  wastes,  while  another  may  receive 
pulp  and  paper  wastes.  The  objectives  of  treatment  also  depend 
on  the  ultimate  dispostion  of  the  treated  waste,  as  the 
•environmental  regulatory  agencies  are  now  more  concerned  with 
waste  management.     It  is  essential  that  the  selected  waste 


•18- 


treatment  process  (chemical  or  physical)  should  not  generate  any 
toxic  intermediate  product,  even  at  trace  levels. 

It  is  of  utmost  importance  to  characterize  the  leachate  at 
each  landfill  site  before  selecting  the  most  suitable  waste 
treatment  technology.  The  leachate  should  be  characterized  for 
its  pH,  total  organic  components  including  volatile  organics  and 
other  priority  organic  pollutants,  concentrations  of  heavy  metals, 
other  potentially  toxic  inorganics  such  as  cyanide,  and  total 
dissolved  solids  content. 

The  need  for,  and  the  methods  of,  leachate  collection 
depend  on  leachate  volume,  moisture  content  of  the  disposed 
wastes,  and  the  site  geology.  Effective  collection  allows  for  an 
equalizing  and  storage  capability  which  will  reduce  overloading 
and  avoid  possible  reduction  in  subsequent  treatment  process 
efficiency.  Once  the  leachate  has  been  collected,  treatment  can 
be  accomplished  either  on-  or  off-site.  The  latter  could  be 
expensive  because  of  the  need  for  sample  pretreatment, 
transportation  costs,  and  the  expense  associated  with  reducing  the 
risk  of  spillage. 


A.  PHYSICAL  REMOVAL  MECHANISMS 

Toxic  contaminants  in  waste  materials  can  be  removed  by 
the  following  physical  treatment  techniques: 


1.  AIR  STRIPPING 

Air  stripping  is  a  conventional  treatment  method  for  the 
removal  of  organic  chemicals  from  wastewater.  It  involves  the 
collection  of  leachate  from  the  landfill  site  with  subsequent 
blowing  of  air  through  the  wastewater  in  shallow  basins  of  various 
designs  (McCarty  et  aL,  1978;  Dryden  et  aL,  1978).  The 
atmospheric  release  of  chemicals  by  air  stripping,  however,  may 
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be  undesirable,  prohibited,  or  publicly  unacceptable,  especially  in 
urban  areas.  Air  stripping  does  not  lend  itself  to  completely 
rectifying  the  problem  for  it  does  not  remove  the  less  volatile 
organic  chemicals  from  leachates.  Also  the  cost  of  stripping  is 
relatively  expensive.  The  method  requires  the  input  of  a  large 
amount  of  energy  for  heating  and  blowing  for  efficient  operation, 
which  would  make  its  use  impractical  during  Canadian  winters. 

In  1983,  CANVIRO  Ltd.  conducted  a  treatability  study  of 
the  contaminated  groundwater  at  the  Gloucester  Landfill  (near 
Ottawa)  using  a  small  pilot  scale  air  stripper  as  one  of  the  several 
chemical/physical  technologies  investigated  (Whittaker,  1987). 
The  results  showed  that  although  the  method  was  successful  in 
removing  most  of  the  volatile  organics  to  meet  groundwater 
quality  objectives,  it  was  not  effective  in  removing  chloroform,  1,2- 
dichloroethane,  benzene  and  non-volatile  organics. 

One  possible  application  of  air  stripping  would  be  in  the 
removal  and  control  of  the  excessive  levels  of  ammonia  in  lime 
treated  waste  streams  (treated  to  precipitate  metals)  and  in  the 
final  effluents  (Applied  Technology  Associates,  1977). 


2.  CARBON  ABSORPTION 

Carbon  absorption  is  often  used  as  a  pretreatment  or  final 
polishing  step  following  air  stripping.  This  process  is  not  an 
adequate  stand-alone  technology  for  removal  of  volatiles  due  to 
carbon's  inherent  lack  of  absorptive  capacity  for  such  compounds. 
Furthermore,  carbon  is  not  effective  for  removing  many  highly 
soluble  low-molecular  weight  organics  (Shuckrow  et  al,  1982). 
Carbon  absorption  systems  designed  for  removal  of  parts  per 
billion  concentrations  of  non-volatile  organics  from  large  volumes 
of  leachate  also  have  very  high  capital  and  maintenance  costs 
(Herzbrun  et  al,  1985).  In  addition,  the  carbon  must  be  used  on  a 
once-through  basis  (or  regenerated  off-site),  greatly  increasing  the 
operating  costs. 
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Another  major  practical  restriction  for  the  use  of  activated 
carbon  is  the  problem  of  disposal  of  the  spent  carbon  which  in 
itself  may  constitute  a  hazardous  waste. 

Carbon  sorption  is  best  suited  for  the  removal  of  refractory 
organics  following  biological  treatment.  The  carbon  sorption  life 
is  lengthened  since  these  organics  generally  are  adsorbed  strongly 
by  the  carbon  and  contaminant  levels  are  low  (Shuckrow  et  al, 
1982). 


3.  CHEMICAL  PRECIPITATION 

Precipitation  is  another  of  the  processes  that  have  been 
used  in  full  scale  operation  for  many  years  (Shuckrow  et  al,  1982; 
Applied  Technology  Associates,  1977).  Chemical  precipitation  is 
the  reaction  that  causes  the  separation  of  a  substance  in  solid 
form  from  a  solution  by  the  addition  of  a  reagent.  The  technique 
can  be  applied  to  almost  any  liquid  waste  stream  containing  a 
precipitable  hazardous  constituent.  In  most  instances 
precipitation  is  considered  to  be  the  technique  of  choice  for  the 
removal  of  metals  (Hannah  et  al,  1977),  pesticides  (Becker  and 
Wilson,  1978)  and  certain  ionic  species  (phosphates,  sulfates, 
fluorides)  from  aqueous  hazardous  wastes.  The  required 
equipment  is  commercially  available  and  the  associated  costs  are 
relatively  low.  Precipitation  can  be  applied  to  large  volumes  of 
liquid  wastes. 

In  practice,  simple  treatability  studies  must  be  carried  out 
prior  to  applying  the  process  to  a  waste  stream  to  determine  the 
precipitating  chemical  of  choice,  the  degree  of  removal,  and  the 
required  chemical  dose.  However,  precipitation  processes  result 
in  the  production  of  a  wet  sludge  which  may  be  considered 
hazardous  and  which  must  therefore  be  further  processed  prior  to 
ultimate  disposal. 
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4.  REVERSE  OSMOSIS 

The  preferential  sorption-capillary  flow  mechanism  for 
reverse  osmosis  (RO)  separations  was  the  guiding  principle  in  the 
development  of  sea  water  desalination  membranes.  In  this 
process,  an  appropriate  magnitude  for  the  interfacial  interaction 
forces  working  in  the  solute-solvent-membrane  system  and  an 
appropriate  pore  size  and  its  distribution  on  the  membrane 
surface  are  the  twin  requirements  for  the  separation  of  the  solute 
from  the  solvent  to  take  place.  A  simplified  reverse  osmosis 
process  flow  diagram  which  shows  a  wastewater  stream  being 
pumped  into  a  vessel  containing  a  semi-permeable  membrane  is 
shown  in  Figure  1  (Quinn,  1985).  As  pure  water  is  passed  through 
the  membrane,  the  solutes  in  the  wastewater  become  increasingly 
concentrated  and  these  are  passed  from  the  system  through  a  flow 
regulating  valve. 

Treatment  of  landfill  leachates  by  reverse  osmosis  has  been 
studied  and  reported  in  the  United  States  (Chian  and  DeWalle, 
1976;  Slater  et  al,  1983).  In  Canada,  Environment  Canada  has 
recently  investigated  RO  for  related  applications  at  the 
Gloucester  landfill  (Whittaker  et  al,  1985).  Recently  a 
presentation  on  RO  for  the  treatment  of  landfill  leachate  was 
made  at  the  1987  MOE  Technology  Transfer  Conference  in 
Toronto  (Klug  and  McDougall,  1987).  The  results  of  the 
preliminary  testing,  which  involved  the  treatment  of  400  L  of 
collected  leachate,  indicated  that  pretreatment  involving  lime 
addition  and  microfiltration  successfully  reduced  the  total 
suspended  solids  (TSS)  and  iron  level  in  the  permeate,  which  was 
then  processed  by  RO  to  remove  dissolved  organics  and  solids. 
Currently  Klug  and  McDougall  are  investigating  four  different 
materials  as  potential  RO  membranes. 

The  general  problems  associated  with  the  RO  process 
include  concentration  polarization,  the  need  for  pretreatment  to 
remove  solids,  the  need  for  dechlorination  when  using  polyamide 
membranes,  and  membrane  fouling  due  to  the  precipitation  of 
insoluble  salts.  A  critical  operating  parameter  is  pH,  which  must 
be  carefully  controlled.   The  application  of  reverse  osmosis  would 
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FIGURE1 
SIMPLIFIED  RO  FLOW  DIAGRAM3 
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probably  be  limited  to  the  polishing  operations  subsequent  to 
other  more  conventional  processes,  or  to  concentrating  pollutants 
into  a  stream  which  would  be  processed  further. 

The  leachates  from  old  landfills  containing  refractory 
organics  can  be  treated  more  effectively  using  physical  chemical 
methods  such  as  RO  (Chian  and  DeWalle,  1976).  Together  with  a 
pretreatment  system  to  remove  metals,  RO  may  be  a  good 
physical  chemical  process  for  concentrating  organics  in  a  leachate 
to  be  added  to  a  biological  treatment  system  such  as  the  activated 
sludge  process,  which  requires  a  highly  concentrated  wastewater 
for  efficient  biodégradation. 


5.  ION  EXCHANGE 

Ion  exchange  is  a  process  in  which  different  components  in 
a  leachate  percolating  in  a  column  or  cylinder  of  resins  (with 
active  binding  functional  groups)  separate  according  to  the 
charges  on  their  ionic  group(s)  and  the  polarity  of  the  elutants. 
Ion  exchange  is  a  proven  process  with  a  long  history  of  use 
(Shuckrow  et  al,  1982).  It  is  used  to  remove  dissolved  salts, 
primarily  inorganics,  from,  leachates  (Pohland  and  Kang,  1975; 
Chian  and  DeWalle,  1976).  It  is  characterized  by  low  energy 
requirements. 

This  technique  is  judged  to  have  some  potential  for  leachate 
treatment  in  situations  where  it  is  necessary  to  remove  dissolved 
inorganic  species.  However,  other  competing  processes  such  as 
precipitation  and  flocculation  are  more  economical  (Shuckrow  et 
al,  1982).  Ion  exchange  is  an  effective  but  costly  method  for 
metallic  ion  removal.  For  purposes  of  leachate  treatment,  a 
major  application  could  be  fluoride  removal  using  activated 
alumina  adsorption.  Total  dissolved  solids  removal  is  another 
potential  application  for  ion  exchange. 

If  a  high  concentration  of  exchangeable  ions  is  present  in 
the  leachate,  it  would  rapidly  exhaust  the  ion  exchangers  in  the 
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column  during  the  service  cycle,  with  the  result  that  resin 
regeneration  or  resin  replacement  cost  would  become 
inordinately  high.  There  is  also  an  upper  concentration  limit, 
which  is  governed  by  the  properties  of  the  ion  exchangers 
themselves,  which  causes  the  selectivity  to  decrease  as  the  total 
concentration  of  dissolved  salts  increases.  Moreover,  synthetic 
resins  can  be  damaged  by  oxidizing  agents,  pH,  and  heat.  Some 
organic  compounds,  particularly  aromatics,  will  be  irreversibly 
adsorbed  by  the  resins,  and  this  will  result  in  a  decreased  capacity, 
as,  for  example,  in  the  case  of  electroplating  bath  additives. 


6.  RESIN  ADSORPTION 

Resins  may  adsorb  certain  amines  and  aromatics  better 
than  activated  carbon  (Shuckrow  et  al,  1982).  Laboratory  studies 
of  resin  adsorption  have  shown  that  phthalate  esters,  aldehydes 
and  ketones,  alcohols,  aromatics,  chlorinated  aromatics,  esters, 
amines,  chlorinated  alkanes  and  alkenes,  and  pesticides  are 
adsorbable  (Chriswell  et  al,  1977). 

As  with  activated  carbon,  the  only  major  environmental 
impacts  relate  to  the  regeneration  process.  If  not  reused,  the 
spent  hazardous  resins  require  disposal,  frequently  by  incinerator 
or  landfill  disposal. 

Resin  adsorption  has  greatest  applicability  when  color  due 
to  organic  molecules  must  be  removed  and  where  selective 
adsorption  is  desired.  Resin  sorption  is  judged  to  be  a  potentially 
viable  candidate  for  treatemnt  of  hazardous  waste  leachates. 
However  this  technology  has  not  been  as  well  defined  as  carbon 
adsorption  (Shuckrow  et  al,  1982). 
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B.  CHEMICAL  CONVERSION  PROCESSES 

Organics  and  inorganics  can  be  converted  by  oxidation  or 
reduction  processes- to  forms  which  are  less  hazardous  than  the 
original  materials  (Tucker  and  Carson,  1985). 


1.  CHEMICAL  OXIDATION 

Many  hazardous  chemicals  can  be  degraded  and  detoxified 
by  chemical  oxidation.  Oxidation  is  the  chemical  reaction  through 
which  oxygen  is  combined  with  a  substance,  or  by  which  hydrogen 
and/or  electron(s)  are  removed  from  susceptible  molecules, 
generating  new  compounds.  With  hazardous  chemicals,  this 
treatment  generally  renders  them  less  toxic.  A  number  of 
chemical  methods  for  oxidation  have  been  developed  (Ho  et  al, 
1974;  Chian  and  DeWalle,  1976;  and  EPA,  1980). 

Ozonation  is  judged  to  have  potential  for  aqueous 
hazardous  waste  treatment  (Bjorkmar  and  Mavinic,  1977).  The 
oxidizing  power  of  ozone  is  sufficient  to  destroy  carbon-carbon 
bonds  and  aromatic  rings  (e.  g.  phenol  can  be  oxidized  by  ozone 
to  form  oxalic  acid).  Thus,  an  organic  compound  can  be  oxidized 
to  carbon  dioxide  and  water  if  the  quantity  of  ozone  is  sufficient. 
It  is  useful  as  a  pretreatment  process  prior  to  biological  treatment. 
Oxidation  can  be  used  alone  or  in  concert  with  ultraviolet  (UV) 
irradiation  as  the  primary  treatment  process  (Cherry,  1982). 

Potential  applications  of  chemical  oxidation  processes  to 
leachate  treatment  are  exemplified  in  cyanide  destruction  and  the 
oxidation  of  organics.  For  cyanide  destruction,  ozonation  is  better 
than  alkaline  chlorination  because  the  latter  process  has  the 
potential  for  forming  chlorinated  organics.  Combination  of 
ozonation  and  granular  activated  carbon  has  yielded  mixed 
results,  depending  on  the  composition  of  wastewater  (Shuckrow  et 
al,  1982). 
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A  major  potential  advantage  of  oxidation  with  ozone  or 
hydrogen  peroxide  is  that  no  harmful  residues  such  as  chlorinated 
organics  are  generated.  Oxidation  of  metals  is  considered  of 
secondary  importance  because  most  metals  are  more  effectively 
removed  by  chemical  precipitation  or  ion  exchange. 

In  general,  relatively  poor  removals  of  most  organics  are 
effected  by  chemical  oxidation.  Residual  ozone  in  the  off-gas 
should  be  passed  through  activated  carbon  to  decompose  the 
ozone  which  is  a  very  strong  oxidizing  agent.  Applications  have 
generally  been  on  dilute  waste  streams  and  full-scale  applications 
on  landfills  are  unknown. 


2.  WET  OXIDATION 

Wet  oxidation  is  the  process  by  which  compounds  in  water 
are  destroyed  by  oxidation  at  temperatures  between  175°C  and 
345°C  and  pressures  usually  between  20.4  and  204  atmospheres 
(Randall,  1981).  Oxygen  is  bubbled  through  the  aqueous  phase 
(Figure  2).  The  oxidation  is  an  exothermic  process,  and  the  heat 
released  effectively  reduces  the  amount  of  fuel  required  to 
maintain  the  reaction  temperature.  Laboratory  studies  indicate 
that  this  process  may  have  potential  for  treatment  of  high  strength 
leachates  or  those  containing  toxic  organics,  especially  those  waste 
streams  that  are  too  dilute  for  incineration  but  too  refractory  for 
chemical  or  biological  oxidation.  The  process  has  been  applied  at 
pilot  and  full  scale  levels  on  numerous  sludges  and  non-hazardous 
wastes.  The  oxidation  products  include  carbon  dioxide,  and 
biodegradable  alcohols,  ketones,  aldehydes,  and  carboxylic  acids 
(Tucker  and  Carson,  1985). 

For  leachates  that  are  composed  primarily  of  high 
concentrations  of  toxic  or  refractory  organics  but  are  too  dilute 
for  incineration  to  be  cost-effective,  wet  oxidation  could  be 
considered.  As  a  regeneration  technique  for  powdered  activated 
carbon  used  in  leachate  treatment,  wet  oxidation  does  appear  to 
be  promising. 
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FIGURE2 
WET  OXIDATION  PROCESS3 
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Only  limited  application  of  wet  oxidation  is  envisioned  at 
present  for  landfill  applications  because  of  a  lack  of  process 
experience. 


3.  CHEMICAL  REDUCTION 

Chemical  reduction  is  a  process  through  which  electron(s) 
and/or  hydrogen  are  added  and/or  oxygen  is  removed  from  a 
molecule.  This  is  an  effective  means  of  removing  inorganic 
compounds  or  reducing  their  toxicity  (Shuckrow  et  aL,  1982). 

The  major  leachate  treatment  application  of  chemical 
reduction  appears  to  be  reduction  of  hexavalent  chromium  to 
trivalent  chromium  using  sulfur  dioxide,  sulfite  salts,  or  ferrous 
sulfate  as  reducing  agents  (Cherry,  1982;  Tuznik,  1981;  Pekin  and 
Gagnon,  1981).  Precipitation  of  trivalent  chromium  as  chromium 
hydroxide  with  lime  or  sodium  carbonate  usually  follows 
reduction.  Polychlorinated  hydrocarbons  such  as  porychlorinated 
biphenyls  (PCB's)  and  dichlorodiphenylethane  (DDE),  which  is 
formed  from  dichlorodiphenyltrichloroethane  (DDT)  by 
alkalization,  can  be  reduced  by  hydrogénation  with  nickel  and 
palladium  catalysts  at  elevated  temperatures  and  pressures  to 
dechlorinated  products  (Kranich,  1978). 

A  practical  problem  associated  with  this  technology  is  that 
waste  compounds  that  are  amenable  to  this  chemical  reduction 
often  tend  to  be  concentrated  in  precipitated  sludge,  making  them 
unavailable  for  reduction.  Furthermore,  introduction  of  foreign 
ions  into  the  waste  is  a  real  or  potential  disadvantage  with  many 
of  the  reducing  agents.  If  organics  are  present  in  the  leachate, 
biological  treatment  or  carbon  adsorption  may  be  required  as 
post-treatment  steps.  Thus,  the  process  has  little  potential  for 
organic  waste  streams. 
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C.  STABILIZATION  AND  FIXATION 


Prior  to  the  disposal  of  chemical  wastes,  it  is  often  necessary 
to  solidify  (dewater)  the  pre-treated  wastes  for  ease  in  handling  or 
for  making  more  stable  landfills  (Conner,  1986).  "Stabilization" 
has  been  used  to  describe  what  are  essentially  pretreatment 
processes  before  solidification,  and  also  to  describe  processes  that 
physically  stabilize  liquid  or  semi-liquid  disposal  lagoons  and 
waste  residues.  "Chemical  fixation"  refers  to  the  chemical 
technology  used  to  detoxify,  immobilize,  insolubilize  or  otherwise 
render  a  waste  component  less  hazardous,  or  less  capable  of 
introducing  itself  into  the  environment.  The  process  may  involve 
the  following  operations: 


1.  SOLIDIFICATION 

Precipitates,  sediments,  and  semi-solidified  sludges  are 
solidified  with  cement,  thermoplastic  materials,  organic  polymers, 
or  with  lime-based  processes  (Tucker  and  Carson,  1985;  Conner, 
1986).  The  benefits  of  stabilizing  hazardous  chemical  wastes 
include:  (a)  improving  the  physical  properties  of  the  wastes  for 
easier  handling;  (b)  safer  transport  and  easier  burial;  (c) 
detoxifying  various  wastes  for  the  protection  of  workers;  (d) 
preventing  pollution  of  the  environment  caused  by  leaching  and 
evaporation  of  hazardous  constituents;  and  (e)  recycling  the 
solidified  wastes  into  construction  material  (Wright  and  Caretsky, 
1981). 


2.  VITRIFICATION  AND  IN  SITU  VITRIFICATION 

Vitrification  involves  the  heating  of  the  soil  at  very  high 
temperatures  by  means  of  a  current  being  passed  between  two 
electrodes.     This  process  is  used  for  highly  hazardous  wastes 
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(Tucker  and  Carson,  1985).  The  product  is  glass,  twice  as  hard  as 
cement,  similar  to  volcanic  rock. 


3.  ENCAPSULATION 

Encapsulation  involves  covering  the  waste  with  an  inert  or 
impervious  coating  or  jacket,  which  will  prevent  leaching.  The 
EPA  has  selected  two  examples  using  encapsulation  for 
demonstration  in  this  year's  Superfund  Innovative  Technology 
Evaluation  Program  (Stinson,  1987).  The  process  at 
Douglassville,  PA  has  been  designed  by  Hazcon  Inc.  of  Texas. 
The  other,  at  a  General  Electric  Co.  site  in  Hialeah,  FL,  has  been 
designed  by  Japan  National  Railways  and  Sanwa  Kizai  Co. 
Results  of  these  studies  are  not  yet  available. 

The  stabilization  techniques  discussed  above  can  only  be 
adopted  after  the  hazardous  wastes  have  been  properly  treated  by 
chemical  and/or  biological  means,  and  the  toxicity  of  the  waste 
sludge  has  been  analyzed  and  assessed. 


D.  THERMAL  DESTRUCTION 

The  thermal  destruction  of  hazardous  wastes  involves  the 
controlled  exposure  of  the  waste  to  high  temperatures  in  an 
oxidizing  environment.  If  the  combustion  of  organics  is  complete, 
the  products  are  carbon  dioxide  (CO2)  and  water.  However,  if 
the  combustion  process  is  not  complete,  harmful  organics  such  as 
dioxin  may  be  released  into  the  atmosphere.  The  basic  theory  of 
combustion  chemistry,  and  thermal  destruction  of  hazardous 
organics  are  discussed  in  a  number  of  reviews  (Graham  et  aL, 
1986;  Oppelt,  1986;  Brunner,  1987;  Miller  and  Fisk,  1987). 

Some  of  the  available  thermal  destruction  systems  are 
described  below: 
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1.  FLUIDIZED  BED  INCINERATOR 

The  portable  fluidized  bed  incinerator  is  convenient  due  to 
the  elimination  of  dangerous  and  costly  long  distance 
transportation.  Waste  is  injected  above  the  fluidized  bed  where  it 
is  rapidly  burnt  and  thermally  degraded  (Anon.,  1986a).  Due  to 
its  simple  design,  the  maintenance  and  operating  costs  are 
relatively  low.  However,  strict  EPA  and  MOE  guidelines  and 
regulations  require  that  the  incineration  process  releases  no 
hazardous  intermediate  compounds  into  the  environment, 
something  that  may  be  difficult  to  monitor  and  ensure. 


2.  TRANSPORTABLE  ROTARY  KILN  INCINERATOR 

A  recent  development  has  been  the  transportable  rotary 
kiln  incinerator,  which,  according  to  the  vendor,  is  rapidly 
becoming  an  attractive,  more  convenient,  more  efficient  and  cost- 
effective  alternative  to  conventional  non-transportable 
incinerators  for  hazardous  waste  treatment  (Bell  and  Lanier, 
1987).  The  transportable  ENSCO  MWP-2000  incinerator  was  the 
first  example  of  this  new  technology.  The  unit  includes  a  calcium 
hydroxide  scrubber  which  removes  up  to  99%  of  acid  gas  from 
reactants  in  combination  with  a  novel  jet-eductor  particulate 
scrubber.  Reported  final  efficiency  in  PCB  removal  is  99.9999%. 
The  equipment  has  an  energy  input  rating  of  150  million  BTU  per 
hour. 


3.  PYROLYSIS 

Pyrolysis  (plasma  arc  destruction)  offers  an  alternative 
technique  for  the  destruction  of  organic  liquid  and  solid  wastes 
(Herlitz,  1986).  The  plasma  torch,  illustrated  in  Figure  3,  is  an 
electrical  device  which  efficiently  converts  electrical  energy  into 
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FIGURE3 
PLASMA  ARC  REACTION  VESSEL2 
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thermal  energy  in  the  form  of  heated  gas  with  temperatures  in 
excess  of  10,000°C.  Inorganic  fractions  which  form  part  of  the 
waste  feed  are  generally  captured  in  the  pyrolytic  system  as  the 
ash  residue.  The  pyrolysis  of  organic  chlorides  generally  yields 
fuel  gas  and  hydrogen  chloride. 

One  of  the  most  successful  techniques  for  the  destruction  of 
PCB's  involves  the  use  of  Pyroplasma*m.  Initial  tests  of  this 
completely  mobile  system  for  the  destruction  of  hazardous  waste 
have  been  completed  in  Canada  (Barton  and  Joseph,  1987).  At 
present,  the  New  York  State  Dept.  of  Environmental 
Conservation  is  testing  this  unit  at  the  Love  Canal  waste  site. 
Wells  drilled  at  Love  Canal  have  been  pumping  accumulated 
groundwater  to  be  treated  (Stinson,  1987).  Oils  that  have  been 
separated  from  this  underground  water  may  contain  dioxins  and 
hundreds  of  other  chlorinated  organics.  It  is  these  oils  that  will  be 
destroyed  in  the  plasma  pyrolyzer. 

Since  the  process  is  pyrolytic,  the  scale  of  the  equipment  is 
small  and  can  be  easily  mobilized,  requiring  only  one  to  two  days 
in  order  to  be  operational  at  a  new  waste  site.  Throughput  rates 
as  high  as  12  kilograms  per  minute  can  be  achieved.  Destruction 
efficiencies  in  excess  of  99.9999%  with  low  emissions  of  products 
of  incomplete  combustion  make  this  technology  both 
commercially  and  environmentally  attractive. 


4.  INFRARED  INCINERATION 

Semi-solid  and  solid  organic  wastes  can  be  burned  and 
delisted  as  hazardous  wastes  by  means  of  an  infrared  incinerator 
(Anon.,  1986b).  The  waste  is  moved  on  a  wire  mesh  belt  into  a 
primary  furnace.  Additional  infrared  light  generators  provide 
supplemental  heat.  A  secondary  chamber  is  available  if  treatment 
of  off-gas  is  required.  The  incinerator  developed  by  Shirco 
Infrared  Systems  (Dallas,  TX)  is  also  able  to  reactivate  powdered 
and  granular  carbon.  This  system  has  been  selected  for  evaluation 
in  the  EPA  Superfund  program  (Stinson,  1987).  It  is  claimed  that 
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even  dioxin -contaminated  materials  become  delistable  after  being 
treated  in  the  infrared  incinerator.  The  system  is  contained  in  a 
trailer  and  can  be  transported  without  special  permits.  A  full 
scale  mobile  unit  (80-250  TPD  system)  has  been  recently 
introduced  (Berdine,  1987). 

Other  types  of  thermal  destruction  methods  include 
cyclonic  incineration  (Anon.,  1987a)  and  mobile  revolving 
chamber  incinerators  (Przewalska,  1987). 

E.  SUPERCRITICAL  FLUID  EXTRACTION 


Matter  can  normally  exist  in  three  states:  solid,  liquid  and 
gas.  The  supercritical  fluid  (SCF)  state  of  a  gas  refers  to  those 
conditions  of  temperature  and  pressure  under  which  molecules  in 
a  gaseous  form  can  be  compressed  to  a  density  which 
approximates  that  of  a  liquid.  By  keeping  the  temperature  of  a 
gas  above  its  critical  temperature,  it  will  not  become  a  liquid 
regardless  of  how  much  pressure  is  applied.  However,  increasing 
pressure  on  the  gas  will  cause  a  significant  increase  in  its  density. 

At  ambient  pressure,  a  gas  above  its  critical  temperature 
behaves  like  any  other  gas.  However,  as  the  gas  is  subjected  to 
increasingly  higher  pressure,  i.e.  up  to  several  thousand  pounds 
per  square  inch,  its  character  changes.  Like  any  gas,  it  expands  to 
fill  the  confines  of  its  container.  Its  density,  and  therefore 
solvating  power,  increase  to  the  point  where  the  dense  gas  begins 
to  dissolve  a  wide  variety  of  materials.  At  high  density  a 
supercritical  fluid  can  dissolve  large  quantities  of  material  that 
may  be  sparingly  soluble  in  the  liquid  or  normal  gaseous  forms  of 
the  fluid.  Thus,  by  regulating  both  temperature  and  pressure, 
highly  selective  solvating  behaviour  of  supercritical  fluids  can  be 
attained. 

Separation  and  detoxification  reactions  can  often  be 
executed  advantageously  using  SCFs  as  processing  media.  The 
use  of  a  supercritical  solvent  frequently  permits  extraction  of  very 
dilute  toxic  species,  either  directly  or  in  a  two-step  process.    In 
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Kerr  McGee's  ROSE  (residuum  oil  supercritical  extraction) 
process,  supercritical  pentane  is  used  to  remove  valuable 
petroleum  components  from  still  bottoms. 

The  rapidly  developing  possibilities  for  using  this  new 
technology  in  various  aspects  of  environmental  control  are  of 
particular  interest  (Eckert  et  aL,  1986).  There  are  three  basic 
categories  of  processes  for  such  applications  of  SCF  technology: 

(1)  One-step  separation: 

The  SCF  is  put  into  direct  contact  with  a  sample  and  is 
used  to  remove  a  contaminant.  The  process  is  most 
applicable  when  the  concentration  of  the  material  to 
be  removed  is  relatively  high.  Knopf  and  co-workers 
have  removed  DDT  from  soil  samples  using 
supercritical  CO2  (Knopf  et  aL,  1985).  At  the 
University  of  Illinois,  a  study  was  conducted  (Eckert  et 
aL,  1986)  to  remove  chlorinated  aromatics  from 
contaminated  soil  using  supercritical  ethylene.  The 
results  showed  that  virtually  all  trichlorophenol  was 
removed  from  a  soil  sample. 

(2)  Two-step  separation: 

The  contaminated  phase  is  put  into  contact  with  a 
second  intermediate  phase,  such  as  an  adsorbent.  The 
contaminant  is  first  transferred  to  the  intermediate 
phase,  and  then  removed  by  a  SCF  in  a  separate, 
second  step  at  an  elevated  pressure.  This  process  offers 
significant  advantages  in  the  removal  of  very  dilute 
contaminants. 

Researchers  at  Arthur  D.  Little  Inc.  (Cambridge,  MA.) 
claim  that  SCF  stripping  of  contaminants  from 
activated  carbon  or  synthetic  resinous  adsorbents  used 
for  the  purification  of  industrial  waste  streams  can 
indeed  be  economically  attractive,  at  an  estimated  cost 
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of  14  to  29  cents  per  pound  of  carbon,  comparing 
favourably  with  thermal  regeneration  at  29  to  36  cents 
per  pound  (deFilippi  and  Robey,  1983). 

(3)    Reactive  separation: 

The  SCF  is  put  into  direct  contact  with  the 
contaminated  material.  It  simultaneously  dissolves  the 
material  and  serves  as  a  reaction  medium  for  a  specific 
chemical  change,  such  as  a  detoxification  reaction.  In 
the  direct  destruction  of  organic  waste  streams  by 
supercritical  water  oxidation  (SCW),  the  wastes  are 
slurried  and  then  mixed  with  oxygen  and  SCW. 
Hydrogen  bonding  is  virtually  nonexistent  since  water 
has  a  very  high  critical  temperature  (374°C). 

The  fluid  becomes  an  excellent  organic-like  solvent 
which  gives  the  fluid  complete  miscibility  with  the 
organic  feed  stream.  In  this  process,  the  organics  are 
rapidly  oxidized  to  light  gases  (CO%  No,  and  CO),  and 
any  halides  present  can  be  precipitated  as  salts.  This 
mixture  of  products  and  solvent,  now  at  a  much  higher 
temperature  (550°C)  due  to  the  exothermic  oxidation 
reactions,  flows  through  a  salt  separator  and  is  then 
split  into  two  streams;  one  stream  is  used  to  run  a 
turbine  to  pressurize  the  feed  oxygen  to  the  elevated 
level  needed  for  injection,  and  the  other  is  used  to 
bring  the  feed  mixture  of  water  and  waste  up  to 
supercritical  conditions.  The  design  of  this  Modar  Inc. 
system  is  shown  in  Figure  4  (Eckert  et  al.,  1986). 


F.  SUMMARY 


Most  leachate  treatment  processes  result  in  the  production 
of  by-products  such  as  sludges,  gases,  spent  adsorption  or  ion 
exchange  materials,  and  fouled  membranes  which  may  require 
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FIGURE4 
MODAR  PROCESS  FOR  SCW  OXIDATIVE  DETOXIFICATION  OF 

WASTE  STREAMS3 
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disposal.  Since  these  materials  contain  hazardous  constituents, 
they  also  must  be  dealt  with  as  hazardous  wastes.  Residue 
disposal  considerations  may  be  the  key  factor  in  the  selection  of  a 
leachate  management  technique. 

Ideally  a  complete  waste  treatment  should  produce  an 
effluent  suitable  for  discharge  to  surface  water  or  groundwater. 
Unfortunately  there  have  been  very  few  actual  full  scale 
applications  of  the  chemical  and  physical  processes  for  the 
treatment  of  hazardous  wastes,  except  for  activated  carbon  and 
lime  precipitation  of  metals. 

At  present  it  is  apparent  that  most  landfill  leachates  cannot 
be  treated  adequately  by  just  conventional  chemical  or  physical 
treatments  alone  because  of  the  high  cost  of  materials  and 
supplies,  disposal  of  the  waste  by-  and  end-products,  and  lack  of 
efficiency  of  adequately  treating  the  highly  complexed  leachates. 
Rather,  it  is  now  becoming  clear  that  what  is  needed  is  a 
combination  of  the  chemical/physical  and  biological  approaches. 
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IV.  APPLICABILITY  OF  BIOLOGICAL 
TREATMENTS  FOR  THE  DETOXIFICATION 
AND  DEGRADATION  OF  ENVIRONMENTAL 

POLLUTANTS 


A.  INTRODUCTION 


In  the  remaining  sections  of  this  report,  the  current  status  of 
biological  treatment  processes  that  have  been,  or  are  being 
designed  and  engineered  for  the  treatment  of  environmental 
pollutants  present  in  landfill  leachates  and  industrial  waste 
effluents  will  be  reviewed.  A  variety  of  aerobic  and  anaerobic 
biological  waste  treatment  processes  have  been  employed  for 
years  for  the  treatment  of  domestic  wastes  such  as  sewage,  food 
processing  wastes,  and  the  like.  With  the  widespread  manufacture 
and  use  of  novel  man-made  synthetic  chemicals  (i.e.  xenobiotic 
substances),  many  of  which  have  been  found  to  be  very 
recalcitrant  to  conventional  microbiological  treatments,  came  the 
understanding  that  the  existing  biological  approaches  and 
processes  would  have  to  be  refined  significantly  for  the  treatment 
of  industrial  wastes,  landfill  leachates  and  other  materials 
containing  hazardous  compounds. 

Increased  awareness  and  concern  over  the  quality  of  the 
environment  have  led  governments  to  pass  stringent  regulations 
and  guidelines  on  the  release  or  disposal  of  pesticides,  industrial 
wastes  and  other  pollutants  into  the  environment.  Failure  to 
comply  with  such  regulations  can  result  in  the  levy  of  high  fines, 
costly  plant  shut-downs  or  even  jail  sentences  for  responsible 
offenders.  In  response  to  the  needs  of  industry  to  meet  the 
regulations,  there  has  been  a  tremendous  effort  over  the  past  few 
decades  to  develop  new  and  improved  waste  treatment  processes 
that  are  both  efficient  and  cost-effective.  Increased  industrial  and 
government  funding  has  sparked  fundamental  research  in  the 
fields  of  microbial  ecology,  metabolism,  genetics  and 
bioengineering,  which  in  turn  has  led  the  way  to  the  development 
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and   recent   introduction   of  some  novel  biological   treatment 
processes  for  xenobiotic  wastes. 

When  reading  the  often  glossy  literature  provided  by  the 
vendors  of  biological  waste  treatment  processes,  however, 
someone  insufficiently  knowledgeable  or  experienced  in  the  field 
may  be  left  with  a  false  impression  that  the  science  of  pollutant 
biodégradation  is  so  well  advanced  and  understood  that  "off  the 
shelf'  systems  and  microbial  seed  cultures  are  now  readily 
available  which  can  handle  just  about  any  hazardous  waste 
treatment  problem.  In  fact,  based  on  limited  field  experience  with 
such  commercial  systems  and  microbiological  cultures,  and  the 
diverse  nature  of  waste  materials  and  treatment  conditions, 
simple  "turn-key"  solutions  to  most  hazardous  waste  problems  do 
not  exist.  Successful  biological  treatment  is  dependent  on  a  great 
many  interacting  physical,  chemical  and  biological  factors  which 
influence  the  growth  and  activities  of  the  degradative 
microorganisms.  Failure  in  the  past  to  understand  these 
fundamental  ecological  principles  has  slowed  the  successful 
development  of  biological  processes  for  hazardous  wastes. 

From  the  available  commercial  literature,  it  is  clear  that 
there  are  many  equipment  vendors  promoting  a  variety  of 
different  biological  processes  and  microbial  seed  preparations 
designed  to  handle  and  treat  industrial  wastes.  However,  the 
number  of  full  scale  installations  for  the  treatment  of  hazardous 
waste  chemicals  which  are  currently  in  actual  operation  in  the 
world  is  rather  small.  In  a  recent  paper,  Aitken  and  Irvine  (1987) 
offered  a  number  of  reasons  why  such  biological  processes  for  the 
treatment  of  hazardous  wastewater  problems  have  been  slow  in 
coming  on-line.  These  are: 


(1)  Lack  of  full-scale  examples  (This  they  identified  as 
being  the  single  most  important  factor  limiting  the 
utilization  of  this  new  technology.) 

(2)  Need  to  satisfy  the  regulatory  authorities  and 
consulting    engineering    firms    that     the    untested 
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processes  can  and  will  consistently  meet  existing 
stringent  environmental  discharge  limits. 

(3)  Inadequate  approaches  to  feasibility  testing,  due  to  an 
inability  of  the  investigator  to  truly  duplicate  the 
natural  (i.e.  in  situ)  environment  in  the  test  systems. 
This  inability  to  duplicate  the  true  environment  stems 
largely  from  the  lack  of  sufficient  understanding  of 
microbial  ecology  and  natural  population  dynamics, 
and  from  only  a  partial  understanding  of  the  true 
physicochemical  and  biological  parameters  affecting 
microorganisms  in  treatment  systems. 

With  complex  hazardous  waste  treatment  problems,  it 
is  therefore  often  impossible  to  predict  from  laboratory 
and  even  pilot  scale  treatability  studies  the  actual  level 
of  treatment  that  can  be  expected  at  full  scale  in  the 
field.  This  is  particularly  true  for  in  situ  treatments, 
where  such  conditions  can  change  significantly  with 
depth,  distance  from  the  discharge  pipe,  etc.  creating  a 
whole  range  of  very  different  micro-ecosystems.  In 
such  conditions,  there  is  no  such  thing  as  an  "average" 
environment  under  which  field  treatment  will  occur. 


As  a  result  of  these  three  factors,  Aitken  and  Irvine  point 
out  that  many  pollution  problems  that  could  probably  be  solved 
more  cheaply  and  efficiently  by  biological  processes  are  now 
instead  being  solved  using  the  more  costly,  conventional  physical 
and  chemical  destruction  technologies  which  were  reviewed  in 
Section  III  of  this  report. 

It  is  clear  from  numerous  microbiological  studies  that  the 
feasibility  of  any  biological  treatment  process  for  the 
detoxification  and  degradation  of  hazardous  environmental 
pollutants  will  be  reliant  on  many  abiotic  (i.e.  non-biological)  and 
biotic  (i.e.  biological)  parameters  (see  Section  IV.D.).  Effective 
treatment  in  any  biological  process  will  be  absolutely  dependent 
on  the  ability  to  provide  the  "correct"  type(s)  of  microorganisms  in 
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the  treatment  system  and  to  maintain  the  microorganism  (s)  in  a 
satisfactory  or  optimal  physiological  state  to  allow  their  metabolic 
well-being.  The  latter  will  be  determined  by  a  whole  host  of 
chemical,  physical,  nutritional  and  biological  factors  which  affect 
microbial  growth,  survival  and  metabolic  activity.  If  these  basic 
microbiological  criteria  are  not  well  understood  by  the  consulting 
process  engineers  or  process  operators  designing  or  operating 
biological  treatment  systems,  this  will  almost  certainly  result  in 
process  failure. 

Over  the  past  fifteen  years,  there  have  been  significant 
advances  in  our  understanding  of  the  mechanisms  and  range  of 
microbial  detoxification  and  degradation  of  unnatural 
(xenobiotic)  chemical  pollutants,  in  bioreactor  design  and  in  the 
development  of  new  microorganisms  capable  of  attacking  specific 
substances  previously  thought  to  be  non-biodegradable  and 
persistent.  In  order  therefore  to  provide  the  reader  with  a  greater 
understanding  of  the  factors  which  must  be  considered  in  order  to 
determine  which  types  of  waste  treatment  problems  are  amenable 
to  biological  treatment  and  to  the  parameters  that  relate  to  choice 
of  process  design,  a  brief  overview  of  each  of  these  areas  will  be 
presented,  together  with  a  discussion  of  the  importance  of  the 
microorganism  and  it's  interactions  with  it's  environment  for 
effective  biological  wastewater  treatment.  The  discussion  will 
begin  with  the  description  of  the  fate  of  xenobiotic  compounds  in 
natural  environments. 
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B.  SURVEY  OF  BIODEGRADABLE 
ENVIRONMENTAL  POLLUTANTS 


1.  IMPORTANCE  OF  ENVIRONMENTAL  FACTORS 

With  over  1,200  chemical  substances  being  added  annually 
to  the  U.S.  EPA's  current  list  of  60,000  industrial  chemicals 
(McCormick,  1985),  the  capability  of  microorganisms  to  modify 
and  degrade  both  natural  and  xenobiotic  substances  in  the 
environment  has  become  an  important  topic  for  research.  It  is 
now  well  recognized  that  as  a  group,  microorganisms  have  an 
enormous  capacity  to  biodegrade  natural  organic  substances, 
given  favourable  environmental  conditions  (Alexander,  1965; 
Atlas  and  Bartha,  1987).  This  is  attested  by  the  fact  that  in  the 
ecosphere,  accumulations  of  natural  organic  compounds  do  not 
exist  except  where  environmental  conditions  have  been  adverse  to 
microbial  survival  (e.g.  sites  of  fossil  fuel  deposits).  In  soils  or 
aquatic  ecosystems,  such  adverse  conditions  may  include  extremes 
of  pH,  salinity,  temperatures,  or  low  water  availability  in  soil 
systems,  as  a  few  examples. 

The  establishment  and  survival  of  microorganisms  in 
natural  environments  are  dependent  on  many  different  types  of 
physical,  chemical  and  biological  factors,  which  are  summarized  in 
Table  5.  These  factors,  which  interact  at  all  levels  in  an 
ecosystem,  affect  all  fundamental  microbiological  processes 
including  growth,  competitiveness  and  metabolic  activity.  A  basic 
knowledge  of  how  such  factors  can  impact  upon  microorganisms  is 
therefore  a  key  to  the  whole  understanding  of  biodégradation  in 
general,  and  to  the  selection,  design  and  operation  of  all 
biological  waste  treatment  processes.  For  a  particular  waste 
problem,  the  operating  performance  of  a  biological  process  (i.e. 
efficiency,  kinetics  of  biodégradation  and  detoxification,  stability, 
control  of  undesirable  microorganisms,  etc.)  will  be  dictated  to  a 
large  part  by  how  well  these  factors  are  understood  (and 
controlled)  by  the  designers  and  operators  of  the  system. 
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TABLE5 

PHYSICAL,  CHEMICAL  AND  BIOLOGICAL  FACTORS 

INFLUENCING  MICROBIAL  BIODEGRADATION 


I.    Physical  Parameters 


a)  Temperature 

b)  Alkalinity/pH 

c)  Moisture  (Water  Activity) 

d)  Salinity 

e)  Oxygen  Availability 

f)  Redox  (Eh) 

g)  SoD  Structure  and  Hydrology 

i.     Pollutant  Bioavailability 
-adsorption/ionic  binding 
-solid/liquid  interfaces 
-pollutant  spatial  distribution  in 
ecosystem 


H.  Chemical  Parameters 


a)  Organic  Composition  and  Strength  of  the  Waste 

Feedstocks,  incl. 

i.     Pollutant  Composition 
ii.    Pollutant  Complexity 
iii.  Pollutant  Concentration 

b)  Presence  of  Toxicants 

i.     Toxic  Pollutants 

ii.    Toxic  Metabolic  Intermediates 

iii.  Heavy  Metals 

c)  Nutrient  Availability 

i.     Nitrogen 

-carbonrnitrogen  balance 
ii.    Macronutrients  (magnesium,  potassium, 

phosphorous  and  sulfur) 
iii.  Micronutrients 

-trace  elements  (e.g.  iron,  zinc  and 

nickel) 

-essential  growth  factors  (e.g.  vitamins, 

amino  acids,  etc.) 
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TABLE5  (Cont'd) 

PHYSICAL,  CHEMICAL  AND  BIOLOGICAL  FACTORS 

INFLUENCING  MICROBIAL  BIODEGRADATION 


in.  Biological  Factors 

a)  Microbial  Interactions 

i.  Mutualism,  Competition,  Prédation  etc. 

b)  Seed  Cultures  (Bioaugmentation) 

i.  Dose  (Inoculum)  Size  and  Frequency 

c)  Bioaccumulation  Affecting  Bioavailability 
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It  is  not  within  the  scope  of  the  present  study  to  concentrate 
on  these  fundamental  aspects  of  microbial  physiology  and 
ecology.  A  number  of  excellent  books  and  review  articles  have 
been  written  on  these  important  topics  and  the  reader  is  referred 
to  them  for  further  discussion  (Atlas  and  Bartha,  1987;  Brock  et 
ai,  1984;  Johnston  and  Robinson,  1984;  Stanier  et  aL,  1976; 
Roszak  and  Coldwell,  1987.). 

2.  BIODEGRADATION  OF  NATURAL  ORGANIC 
COMPOUNDS 

When  a  natural  organic  substance  is  introduced  into  an 
environment  which  is  favourable  for  microorganisms,  the 
substance  will  eventually  become  biodegraded.  If  microorganisms 
with  the  appropriate  activities  are  already  present  in  suitable 
numbers,  biodégradation  should  begin  immediately  or  following  a 
short  induction  period.  Other  well  known  processes  including 
physiological  adaptation,  genetic  exchange  between  different 
microorganisms  and  ecological  succession  of  species  may 
ultimately  lead  to  the  establishment  of  microorganisms  in  the 
ecosystem  which  are  more  able  to  compete  under  the  new 
conditions  imposed  by  the  introduction  of  the  material. 

Again  it  is  not  within  the  scope  of  this  review  to  cover  these 
topics,  other  than  to  make  the  reader  aware  of  the  fact  that 
throughout  evolution,  microorganisms  have  developed  a  broad 
range  of  genetically  determined  mechanisms  which  enable  them 
to  establish  themselves  in  specific  ecosystems.  When  conditions  in 
an  ecosystem  change,  such  as  through  the  introduction  of  a  new 
carbon  and  energy  source  or  a  change  in  a  physical  parameter 
such  as  temperature,  those  microorganisms  which  are  best  able  to 
adapt  and  compete  under  the  new  conditions  will  survive  and 
proliferate  as  long  as  those  conditions  are  maintained.  Readers 
interested  in  learning  more  about  these  fundamental  aspects  of 
microbial  ecology  are  referred  to  the  excellent  book  by  Atlas  and 
Bartha  (1987). 
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3.  BIODEGRADABLE  ORGANIC  POLLUTANTS 

The  term  xenobiotic  chemicals  has  been  introduced  to 
describe  unnatural,  man-made  organic  compounds  which  are 
foreign  to  the  natural  environment.  The  fate  of  xenobiotic 
chemicals,  following  their  introduction  into  a  natural  ecosystem,  is 
much  more  complex  than  the  situation  for  natural  compounds. 
Such  molecules  may  undergo  complete  or  partial  biodégradation 
or  may  be  entirely  recalcitrant  to  microbiological  attack.  In 
addition  abiotic  forces  such  as  spontaneous  chemical  breakdown 
or  volatilization  can  account  for  some  or  all  of  their  removal 
(Vogel  et  al,  1987).  It  is  therefore  important  to  distinguish  among 
these  possible  mechanisms  of  removal  when  considering  the 
feasibility  of  biological  treatments. 

A  wealth  of  laboratory  data  now  exists  in  the  recent 
scientific  literature  attesting  to  the  fact  that  many  if  not  most 
xenobiotic  chemicals  are  subject  to  microbiological  attack,  given 
the  correct  environmental  conditions  and  types  of  microflora 
(McCormick,  1985;  Johnston  and  Robinson,  1984).  Numerous 
examples  compiled  from  several  sources  are  presented  in  Tables 
6-8  and  10.  The  information  shown  in  Table  6  was  originally  part 
of  an  EPA-funded  report  which  examined  the  treatability  of  over 
500  compounds  (Shuckrow  et  al,  1980).  Caution  must  be  used  in 
trying  to  extrapolate  the  information  shown  to  a  particular  waste 
treatment  situation,  since  the  data  were  compiled  from  many 
different  studies  which  ranged  considerably  in  scale  (from 
laboratory  to  full  scale)  and  in  the  nature  of  the  wastewaters 
treated  (from  pure  compounds  to  industrial  wastes  and  leachates). 
Treatability  studies  to  assess  the  biodegradability  of  specific 
wastewaters  under  "real  world"  conditions  must  be  carried  out  in 
the  laboratory  and  often  in  pilot  field  studies  before  commiting  to 
any  biological  treatment  strategy,  for  reasons  that  will  be 
discussed  in  Section  IVD. 

The  compounds  listed  in  the  Tables  include  most  of  the 
hazardous  substances  of  current  environmental  concern  including 
industrial  chemicals  from  all  of  the  major  groups  (hatogenated 
hydrocarbons,     polychlorinated     biphenyls     (PCB's),     organic 
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TABLE6 

SURVEY  OF  BIOLOGICALLY  TREATABLE  XENOBIOTIC 
SUBSTANCES  AND  METALS3 

1.  ALCOHOLS 


n-Amyl  Alcohol 
(1-Pentanol) 

Borneal 

Butanol 

sec-Butanol 

tert-Butanol 

1,4-Butanediol 

Cyclohexanol 

Oyclopentanol 


Dimethylcyclo- 

hexanol 

1,2-Ethanediol 
Ethanol 
Ethyl  Butanol 
2-Ethylhexanol 
Furfuryl  Alcohol 
Hexanol 


Isopropanol 

Methanol 

4-Methylcyclo- 
hexanol 

Octanol 

Pentaerythritol 

Phenyl  Methyl 
Carbinol 

n-Propanol 


2.  ALIPHATICS 


Acetaldehyde 

Acetone 

Acetonitrile 

Acetylglycine 

Acrolein 

Acrylic  Acid 

Acrylonitrile 

Adipic  Acid 

Alanine 


Ammonium  Oxalate 
Butanedinitrile 
Butanenitrile 
Butyleneoxide 
Butyric  Acid 
Calcium  Gluconate 
Caprolactam 
Citric  Acid 
Crotonaldehyde 


Cystine 

Cyclohexanolone 

Cyclohexanone 

Cyclopentanone 

Diethylene  Glycol 

23-Dithiabutane 

Dulcitol 

Erucic  Acid 

Ethyl  Acetate 

(continued) 
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2.  ALIPHATICS  (cont'd) 


Ethyl  Acrylate 

Lactic  Acid 

Sodium  Alkyl 
Sulfonate 

Ethylene  Glycol 

Laurie  Acid 

Sodium  Lauryl 

2-Ethylhexyl- 
acrylate 

DL-Malic  Acid 

Sulfate 

Malonic  Acid 

Sodium  N-Oleyl- 

Formaldehyde 

Nitrilotriacetate 

N-Methyl  Taurate 

Formamide 

Sodium   Sulfo 

Oleic  Acid 

Methyl  Myristate 

Formic  Acid 

Oxalic  Acid 

Tannic  Acid 

Glutamic  Acid 

Pentane 

Thioglycollic 

Glycerine 

Acid 

Pentanendinitrile 

Glycine 

Pentanenitrile 

Thiouracil 

Heptane 

Propanedinitrile 

Thiourea 

Hydracrylonitrile 

Triethylene 
Glycol 

Propanenitrile 

Isophorone 

/S-Propiolactone 

Urea 
Urethane 

3.  AMINES 

Acetanilide 

p-Aminotoluene 

o-Chloroaniline 

p- Aminoaceta  nili  de 

Aniline 

p-Chloroaniline 

m-Aminobenzoic  Acid 

Rp.nramirift 

Diethanolamine 

o-Aminobenzoic  Acid 

Benzidine 

23-Dimethyl- 
aniline 

p-Aminobenzoic  Acid 

Benzylamine 

2^-Dimethyl- 

m-Aminotoluene 

Butanamide 

aniline 

o-Aminotoluene 

m-Chloroaniline 

(continued) 
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3.  AMINES  (cont'd) 


3,4-Dimethylaniline 

Ethylenediamine 

2-Fluorenamine 

o-Nitroaniline 

p-Nitroaniline 


p-(Phenylazo) 
aniline 

Pentanamide 

m-Phenylenediamine 


o-Phenylenediamine 

p-Phenylenediamine 

Thioacetamide 

2,4,6-Trichloro- 
aniline 


4.  AROMAT1CS 


sec-Amylbenzene 

tert-Amylbenzene 

Benzaldehyde 

Benzene 

Benzene  Sulfonate 

Benzenethiol 

Benzoic  Acid 

Benzonitrile 

3,4-Benzpyrene 

sec-Butylbenzene 

tert-Butylbenzene 


Chloranil 

Chlorobenzene 

1,2,4,5-Dibenzpyrene 

m-Dichlorobenzene 

o-Dichlorobenzene 

p-Dichlorobenzene 

2,4-Dichlorophenoxy- 
acetic  Acid 

2,6-Dichlorophenoxy- 
propionic  Acid 

2,4-Dichlorophenoxy- 
propionic  Acid 


7,9-Dimethyl- 
benzacridine 

7,10-Dimethyl- 
benzacridine 

3^-Dinitro- 
benzoic  Acid 

2,4-Dinitrotoluene 

Ethylbenzene 

Hexachlorobenzene 

4-Hydroxybenzene- 
carbonitnle 

2-Methylbenzene- 
carbonitrile 

(continued) 
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4.  AROMATICS  (cont'd) 


3-Methylbenzene- 

Nitrofluorine 

1^3-Trichloro- 

carbonitrile 

Paraldehyde 

benzene 

4-Methylbenzene- 

1,2,4-Trichloro- 

carbomtrile 

Pentametbylbenzene 

benzene 

Methylethylpyridine 

n-Propylbenzene 

13»5-Trichloro- 
benzene 

m-Nitrobenzaldehyde 

Sodium  Alkylbenzene 

Sulfonate 

2,4,5-Trichloro- 

o-Nitrobenzaldehyde, 

phenoxypropionic 

Styrene 

Acid 

p-Nitrobenzaldehyde 

1,23,4-Tetrachloro- 

2,4,6-Trichloro- 

Nitrobenzene 

benzene 

phenoxyacetic 
Acid 

m-Nitrobenzoic  Acid 

1,23,5-Tetrachloro- 

benzene 

2,6,6-Trinitro- 

o-Nitrobenzoic  Acid 

1,2,4,5-Tetrachloro- 

toluene 

p-Nitrobenzoic  Acid 

benzene 

m-Xylene 

m-Nitrotoluene 

Toluene 

o-Xylene 

o-Nitrotoluene 

m-Toluidine 

p-Xylene 

p-Nitrotoluene 

5.  ETHERS 

Isopropyl  Ether 
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6.  HALOCARBONS 


Bromoform 

Carbon 
Tetrachloride 

Chloroform 

1,2-Dichloroethane 
Methylene  Chloride 
1, 1, 1-Trichloroethane 

1,1,2-Trichloro- 
e  thane 

Trichloroethylene 

Vinyl  Chloride 

7.  METALS 

Iron 

Mercury 

Zinc 

Lead 

Nickel 

Manganese 

Strontium 

8.  PESTICIDES 

Aldrin 

Endrin 

Parathion 

Aminotriazole 

Ferbam 

Pentachlorophenol 

Chlordane 

Heptachlor 

Propoxur 

2,4-D-Isoctylester 

DDT 

DDVP 

Diazinon 

Herbicide  Orange 
Lindane 
Malathion 
Maneb 

Tetraethyl 
Pyrophosphate 

Thanite 

2,4,5-Trichloro- 
phenoxyacetic 

Dieldrin 

Methyl  Parathion 

Ziram 
Zireb 
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CI. PHENOLS 


4-Chloro-3- 
Methylphenol 

2-Chloro-4- 
Nitrophenol 

2-Chlorophenol 

m-Chlorophenol 

o-Chlorophenol 

p-Chlorophenol 

m-Cresol 

o-Cresol 

p-Cresol 

2,4-Diaminophenol 


2,4-Dichlorophenol 

2,5-Dichlorophenol 

2,6-Dichlorophenol 

2,3-Dimethylphenol 

2,4-Dimethylphenol 

2,5-Dimethylphenol 

2,6-Dimethylphenol 

3 ,4-Dimethylphenol 

3,5-Dimethylphenol 

2,4-Dinitrophenol 

m-Nitrophenol 


o-Nitrophenol 

p-Nitrophenol 

Pentachlorophenol 

Phenol 

p-Phenylazophenol 

Sodium  Penta- 
chlorophenol 

23,5-Trichloro- 
phenol 

2,4,5-Trichloro- 
phenol 

2,4,6-Trichloro- 
phenol 


10.  PHTHALATCS 


Bis  (2-ethylhexyl) 
Phthalate 

Butylbenzyl 
Phthalate 

Di-N-Butyl 
Phthalate 


Diethyl 
Phthalate 

Di  (2-ethylhexyl) 
Phthalate 

Dimethyl 
Phthalate 


Di-N-Octyl 
Phthalate 

Isophthalic  Acid 

Phthalimide 

Phthahc  Acid 
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11.  POLYNUCLEAR  AROMAT1CS 


Anthracene 

Benzanthracene 

Benzoperylene 

D-Chlorampheni  col 

c<,cC-Diethyl- 
stilbenediol 


9,10-Dimethyl- 
anthracene 

9,10-Dimetbyl- 

1,2-benzanthracene 

1,2-Diphenylhydrazine 


7-Methyl-U- 
benzanthracene 

20-Methyl- 
cholanthrene 

Naphthalene 


alist  complied  from  Shuckrow  et  al.,  1982 
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pesticides  and  herbicides,  inorganic  pollutants,  etc.).  From  Table 
7,  it  will  also  be  seen  that  many  different  types  of  naturally 
occurring  bacteria  are  responsible  for  these  diverse  activities.  The 
nature  and  role  of  the  bacteria  responsible  for  xenobiotic 
biodégradation  are  discussed  in  Section  IV.C. 


4.  RECALCITRANCE  OF  XENOBIOTIC  COMPOUNDS 

We  have  seen  that  many  organic  pollutants  are  subject  to 
metabolic  transformations  by  microorganisms.  From  a  practical 
consideration,  however,  the  observed  rates  of  biotransformation 
and  biodégradation  for  many  of  the  xenobiotic  compounds  that 
have  been  tested  have  been  shown  to  be  too  slow  to  warrant 
actual  field  exploitation  of  their  activities.  Furthermore,  the  fact 
that  a  xenobiotic  compound  can  be  biodegraded  in  the  controlled 
conditions  of  the  laboratory  does  not  necessarily  mean  that  the 
same  will  occur  in  the  field  situation  (McCormick,  1985;  Aitken 
and  Irvine,  1987).  If  the  physicochemical  and  biological 
parameters  in  the  field  are  not  correct,  the  xenobiotic  chemicals 
may  appear  to  be  quite  recalcitrant  to  microbial  attack  and  tend 
to  persist  for  many  years. 

The  term  mineralization  is  used  to  describe  complete 
microbiological  biodégradation  of  organic  materials  to  CO2, 
water  and  simple  inorganic  substances.  For  many  xenobiotics, 
however,  biodégradation  is  only  partial,  leading  to  the  synthesis  of 
various,  recalcitrant  intermediates  which  may  be  of  lower,  higher 
or  unchanged  toxicity.  For  example,  trichloroethylene  (TCE), 
which  is  a  toxic  chemical  found  in  many  contaminated 
groundwaters,  was  shown  to  be  partially  transformed  (co- 
metabolized)  to  a  more  hazardous  substance  (vinyl  chloride)  by  a 
group  of  methanogenic  bacteria  (example  cited  by  Roberts,  1987). 
In  sharp  contrast,  a  second  group  of  anaerobic  bacteria  he  was 
also  studying  (methanotrophs),  were  capable  of  completely 
mineralizing  TCE.  The  toxification  of  other  pollutants  including 
mercury  (Summers  and  Silver,  1978)  and  the  acylanilides  Solan 
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TABLE7 
EXAMPLES  OF  POLLUTANT-DEGRADING  MICROORGANISMS2 


MICROORGANISM 


POLLUTANT(S) 


Achromobacter 


Acinetobacter, 

Actinomucor  elegans 

Actinomycetes 

Aerobacter  aerogenes 

Aeromonas 

Agrobacterium 

Alcaligenes 


Arthrobacter 


Aspergillus 


Azotobacter 
Bacillus 

sphaericus 
Beijerinckii 
Brevibacterium 


Candia  tropicalhs 
Chaetomium  globosum 
Chlorobium 

thiosulfatophUum 
Chromobacter 
Cladosporium 
Clostridium 


halogenated  hydrocarbons,  hydrocar- 
bons, phenoxyacetates, 
ferf-butylbenzene 

diethyleneglycol,  hydrocarbons,  PCB 
petroleum 

petroleum  hydrocarbons 
benzene 

Ehenanthrene 
alogenated  hydrocarbons 
halogenated  hydrocarbons,  hydro- 
carbons, linear  alkylbenzene 
sulfonates,  PCB,  polycyclic 
aroma  tics 

benzene,  Diazinon,  hydrocarbons, 
pentachlorophenol,  phenoxyacetates, 

Solycyclic  aromatics,  pulp  mill 
gnins,  various  phenols 
carbamate,  malathion,  phenoxy- 
acetates, pulp  mill  lignins, 
various  phenols   . 
catechol 

aromatics,  long-chain  alkanes 
phenylureas 
anthracene,  biphenyl 
2,4,5,-T,  aromatics,  halogenated 
hydrocarbons,  phenanthrene, 
polycyclic  aromatics 

alachlor 

waste  gypsum 

pulp  mill  lignins,  various  phenols 
petroleum  hydrocarbons 
halogenated  hydrocarbons 


(continued) 
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TABLE7  (Cont'd) 
EXAMPLES  OF  POLLUTANT-DEGRADING  MICROORGANISMS 


MICROORGANISM 


POLLUTANT(S) 


Corynebacterium 


Cunninghamella  elegans 
Desulfobacter 

postgateii 
Escherichia  coli 
Flavobacterium 
Fusarium  solani 
Geotrichum  marinum 

thirumalachar 
Helminthosporium 
Hydrogenomonas 
Hyphomicrobium 
Klebsiella 
Micrococcus 
Moraxella 
Mycobacteria 

rhodochrous 
Nocardia 


Propionibacterium 

pertiocaceum 
Pseudomonas 


halogenated  hydrocarbons,  phenoxya- 

cetates 

PCB 


waste  gypsum 
organophosphates 
hydrocarbons,  pentachlorophenol 
propanil 

petroleum 

carbofuran 

halogenated  hydrocarbons 

sodium  methyl  sulfate,  etc. 

PCB,  toluene 

branched  hydrocarbons,  hydrocarbons 

benzene 

aromatics,  branched  hydrocarbons, 

cycloparaffins 

benzene 

hydrocarbons,  monoalkylbenzenes, 

naphthalene,  phenoxyacetates, 

polycyclic  aromatics 

organophosphates 
4-alkyltoluenes,  alkyammonium, 
alkylamine  oxides,  anthracene, 
benzene,  heavy  metals,  hydro- 
carbons, malathion,  methylnaph- 
thalenes,  naphthalene,  organo- 
phosphates, p-cymene,  p-xylene, 
parathion,  PCB,  pentachlorophenol, 
phenanthrene,  phenoxyacetates, 
phenylureas,  polycyclic,  aromatics, 
rubber,  secondary  alkylbenzenes; 
(continued) 
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TABLE7  (Cont'd) 
EXAMPLES  OF  POLLUTANT-DEGRADING  MICROORGANISMS 


MICROORGANISM 


POLLUTANT(S) 


aeruginosa 

cepacia 

cepacia  var. 
niagarous 

fluorescens 

paucimobilis 

putida 

strutzeri 
Rhizoctonia  solani 
Rhizopus 
Scolecobasidiwn 
Serratia  marascens 
Strain  DCBI  (Tiedge) 
Streptococcus  faecalis 
Streptomyces 

Thiobacillus 
ferroxidans 
Trichosporon 
Xanthomonas 

Zylerion  xylestrix 


oleaginous  materials,  pulp  by- 

Eroducts 
alogenated  hydrocarbons,  2,4,5-T 

halogenated  hydrocarbons 

chromâtes,  surfactants 

cyanides,  thiocyanates 

phenolics,  toluene 

orcinol 

alachlor,  phenylurea 

PCB 

petroleum  hydrocarbons 

bis  (2-ethylhexyl)  phthalate 

chlorobenzoate 

organophosphates 

diazinon,  halogenated  hydrocarbons, 

phenoxyacetates 

sulfur 

Eulp  mill  lignins,  various  phenols 
ydrocarbons,  polycyclic  aromatics, 
pulp  mill  lignins,  various  phenols 
cyclodiene  type  pesticides/ 
herbicides 


aSources:  McCormick,  1985;  Ouellette  and  Cheremisinoff,  1985. 
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and   Propanil    (Bartha,    1969;   Sundstrom,    1982)   by   microbial 
metabolism  have  also  been  reported. 

With  very  complex  wastes  such  as  industrial  landfill 
leachates,  the  full  magnitude  of  this  potential  problem  may  never 
be  fully  understood,  because  of  the  diversity  of  pollutants  present 
and  large  number  of  possible  metabolic  endproducts. 

In  other  cases,  even  if  environmental  conditions  are 
favourable  for  microbiological  activity,  recalcitrance  may  be  due 
quite  simply  to  the  fact  that  there  are  no  known  microorganisms 
having  the  required  catalytic  activities.  Examples  of  such 
hazardous  chemicals  include  the  pesticide  DDT,  highly 
chlorinated  PCB's  and  aromatic  polynuclear  ring  hydrocarbons. 

In  addition  to  unfavourable  environmental  conditions, 
scientists  have  identified  a  range  of  other  factors  which  appear  to 
play  a  role  in  determining  biological  recalcitrance  of  many 
xenobiotic  compounds.  The  major  factors  that  have  been 
identified  are: 


(1)  Unnatural  chemical  substitutions  on  xenobiotic 
compounds  (e.g.  chlorination,  highly  condensed 
aromatic  rings,  unusual  bonds,  etc.)  which  make  the 
molecule  unreactive  (e.g.  due  to  steric  hindrance, 
strong  electronegativities  of  halogen  substituents) 
and/or  unrecognizable  by  existing  microbial  enzymes. 

For  example,  microbial  oxygenases  play  an  important 
role  in  the  aerobic  degradation  of  benzenoid 
compounds,  by  catalyzing  the  cleavage  of  the  stable 
benzene  nucleus.  Oxygenases  are  enzymes  that 
mediate  the  direct  addition  of  either  one  or  two  oxygen 
atoms  to  an  organic  substrate.  With  halogenated 
aromatics,  halogenation  of  the  benzene  nucleus  (e.g. 
chlorophenols)  deactivates  the  benzene  ring  to 
electrophilic  attack  by  dioxygen.  The  halogen  group 
serves  to  withdraw  electrons  from  the  ring,  thereby 
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repressing  the  oxygenase-catalyzed  reactions  (Steiert 
and  Crawford,  1985).  This  deactivating  process 
increases  with  the  number  of  halogen  substituents  on 
the  molecule. 

(2)  Failure  of  the  xenobiotic  substance  to  induce  the 
synthesis  of  catabolic  enzyme(s)  which  could  otherwise 
degrade  it. 

(3)  Inability  of  the  xenobiotic  substance  to  enter  the 
microbial  cell,  due  to  lack  of  specific  transport  proteins 
(permeases). 

(4)  Limited  bioavailability  of  the  xenobiotic  substance  to 
the  cell.  Bioavailability  can  be  reduced  as  a  result  of 
immobilization  of  pollutants  onto  inorganic  surfaces 
(e.g.  clay  particles)  or  organic  particles  through 
adsorption  or  ionic  interactions.  Similarly,  with  highly 
lipophilic  pollutants  such  as  PCB's  and  other 
chlorinated  hydrocarbons,  solubilization  and 
partitioning  of  the  molecules  into  biological 
membranes  (e.g.  in  biological  sludge)  can  restrict  their 
accessibility  to  microbial  catabolic  processes  (Wierich 
and  Gerike,  1981;  Richards  and  Shieh,  1986;  Paris  et 
aL,  1977;  Johnston  and  Robinson,  1984). 

(5)  Severe  toxicity  of  the  pollutant  or  its  metabolic 
intermediates. 


The  inability  of  microorganisms  to  degrade  specific  types  of 
toxicants  is  also  of  obvious  interest  when  assessing  the 
applicability  of  biological  processes  for  specific  waste  treatments. 
Because  of  the  non -biodegradable  or  recalcitrant  nature  of  some 
pollutants,  in  order  to  obtain  the  economical  advantages  of 
biological  treatment  and  still  meet  stringent  regulatory  discharge 
limits,  some  treatment  processes  for  hazardous  wastes  combine 
both  biological   and   non-biological   steps   (McConnick,    1985; 
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Aitken  and  Irvine,  1987).  Examples  such  as  Du  Pont's  patented 
Powdered  Activated  Carbon  Treatment  (PACT)  process  and 
Occidental  Chemical  Corporation's  Sequencing  Batch  Reactor 
(SBR)  process  are  discussed  in  Sections  V.  In  such  cases,  physical 
and/or  chemical  pretreatment  and/or  final  polishing  steps  may  be 
combined  with  the  biological  process.  For  some  wastes,  an  initial 
pretreatment  step  may  be  required  to  remove  heavy  metals  or 
other  toxicants  to  levels  acceptable  for  subsequent  biological 
treatments.  With  complex  hazardous  wastes,  the  biologically 
treated  wastewaters  are  usually  subjected  to  a  final  polishing  (e.g. 
activated  carbon  adsorption)  to  remove  any  trace  recalcitrant 
pollutants  prior  to  discharge  into  the  receiving  streams. 

It  is  the  expectation  of  scientists  and  engineers  in  the  field 
that  the  types  of  problems  stemming  from  apparent  recalcitrance 
and  partial  biotransformation  will  eventually  be  overcome  as 
better  treatment  microorganisms  and  process  designs  are 
developed,  and  as  we  learn  more  about  the  fundamentals  of 
microbial  ecology  and  microbial  interactions. 


5.  BIOACCUMULATION 

The  persistence  of  hazardous,  lipophilic  (hydrophobic) 
pollutants  in  soils  and  fresh  and  salt  waters  can  lead  to  serious 
health  risks  for  man  and  higher  animals,  through  a  phenomenon 
known  as  bioaccumulation  or  biomagnification  (Atlas  and  Bartha, 
1987).  The  phenomenon  of  bioaccumulation  has  been  recognized 
for  many  years,  and  arose  largely  through  studies  with  DDT  and 
its  environmental  fate  (MOE,  1987a).  The  early  research  studies 
showed  that  the  levels  of  recalcitrant,  hydrophobic  (i.e.  lipophilic) 
toxicants  in  animal  biomass  increased  as  one  went  up  the  food 
chain  from  the  lower  to  higher  trophic  levels  (Gosset  et  al.,  1983). 

Minute  concentrations  of  lipophilic  toxicants  can  become 
partitioned  in  the  biological  membranes  of  microorganisms  such 
as  bacteria  and  protozoa  in  the  immediate  surrounding 
environment,  leading  to  a  one  to  three  orders  of  magnitude 
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increase  in  the  concentration  of  these  substances  in  the  cells. 
Subsequent  ingestion  of  these  microorganisms  by  the  next  higher 
trophic  levels  results  in  a  further  buildup  of  the  toxicant 
concentration,  and  so  forth,  up  the  trophic  chain.  This  is  because 
each  higher  trophic  level  retains  only  a  small  portion  of  the  total 
organic  matter  (but  almost  all  of  the  toxicant)  it  ingests,  the  rest 
going  to  CO2  and  to  excretion  products.  As  a  consequence,  the 
level  of  pollutant  can  become  concentrated  by  a  factor  of  10-10^ 
in  the  highest  members  (including  man)  of  the  food  chain  (Atlas 
and  Bartha,  1987). 

In  biological  wastewater  treatments,  bioaccumulation  of 
hazardous,  poorly  metabolized  lipophilic  pollutants  into 
microbial  sludges  presents  certain  problems  to  the  downstream 
handling  of  the  sludge.  The  sludge  must  be  considered  as  being 
hazardous  and  should  be  disposed  of  accordingly.  In  assessing  the 
results  of  biotreatability  studies  (discussed  in  Section  IV.D.),  the 
investigator  must  also  be  aware  of  the  possibility  of 
bioaccumulation,  since  partitioning  of  pollutants  into  biological 
membranes  will  have  the  effect  of  removing  them  from  the  assay 
system.  This  could  lead  the  investigator  to  overestimate  the  extent 
and  rate  of  biodégradation  in  his  test  unless  proper  chemical  mass 
balances  are  conducted  (Aitken  and  Irvine,  1987). 


C.  NATURAL  DEGRADATTVE 
MICROORGANISMS 


In  the  previous  section,  we  have  seen  that  a  great  many 
xenobiotic  compounds  are  subject  to  microbiological  attack,  by  a 
wide  range  of  microorganisms  (Table  7).  In  this  section,  some 
background  information  about  the  degradative  microorganisms 
themselves  and  the  role  of  natural  microbiological  communities  in 
biodégradation  processes  will  be  provided.  This  information  is  of 
very  practical  importance  for  the  design  and  operation  of 
biological  treatment  processes,  and  for  the  development    and 
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application    of    effective    seed    cultures    for    bioaugmentation 
(discussed  in  Section  IV.E.). 


1.  PURE  CULTURES 

Numerous  laboratory  studies  conducted  under  carefully 
controlled  conditions  have  demonstrated  that  a  variety  of 
bacterial  and  fungal  species  are  capable  of  using  specific 
xenobiotic  compounds  as  growth  substrates  (i.e.  as  a  sole  carbon 
and  energy  source).  Some  recent  examples  include  biphenyl 
utilization  by  strains  of  Acinetobacter  and  Arthrobacter  (Furukawa 
and  Chakrabarty,  1982),  2,4,5 -trichlorophenoxy acetic  acid  (2,4,5- 
T)  catabolism  by  a  bred  strain  of  Pseudomonas  cepacia  (Kilbane  et 
al.,  1982),  pentachlorophenol  (PCP)  catabolism  by  a 
pseudomonad  and  by  numerous  strains  of  Flavobacterium  and 
Arthrobacter  (Stanlake  et  al.,  1982,  Steiert  and  Crawford,  1985), 
and  haloalkane  utilization  by  an  Acinetobacter  sp.  (Janssen  et  al., 
1987).  Many  other  examples  can  be  found  amongst  the  original 
references  to  the  data  compiled  in  Tables  6  and  7. 

With  man's  renewed  interest  in  finding  solutions  to  the 
current  environmental  problems,  there  has  been  a  marked 
increase  in  the  level  and  quality  of  microbiology  research  in  this 
field.  During  the  past  few  years,  researchers  have  uncovered 
entirely  new  types  of  bacteria,  both  natural  and  engineered,  which 
are  capable  of  carrying  out  catabolic  reactions  previously  thought 
impossible  (Johnston  and  Robinson,  1984;  Steiert  and  Crawford, 
1985;  Roberts,  1987). 

A  particularly  interesting  case  centres  on  the  recent 
discovery  by  Tiedje's  laboratory  (Shelton  and  Tiedje,  1984)  of  an 
obligate  anaerobic  bacterium  that  is  capable  of  dechlorinating 
chlorobenzoate.  Prior  to  this  discovery,  microbial  dechlorination 
of  aromatic  compounds  was  not  known.  The  microorganism, 
designated  strain  DCB1,  was  isolated  from  sewage  sludge  as  a 
natural  isolate.  It  was  shown  to  have  an  unusual  morphology  and 
a  very  limited  metabolic  capability.  Until  recently,  it  appeared  to 
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derive  all  of  its  energy  requirements  for  growth  from  a  single 
known  chemical  reaction  -  the  dechlorination  of  chlorobenzoate. 
Complete  chlorobenzoate  mineralization  was  shown  to  be 
dependent  on  the  presence  of  two  other  bacteria,  one  of  which 
converts  the  product  benzoate  to  acetate,  hydrogen  and  CO?, 
and  the  other,  a  methanogen,  which  transforms  these  metabolic 
products  to  methane.  Together  these  three  microorganisms  form 
a  most  interesting  and  novel  consortium.  More  recently, 
Fathepure  and  Boyd  (1987)  have  shown  that  strain  DCB-1  can 
also  dechlorinate  perchloroethene  (PCE). 

In  addition  to  the  discovery  of  new  natural  biodegradative 
microorganisms,  there  has  been  substantial  progress  made  in  the 
development  of  improved  microorganisms  through 
acclimatization  and  through  genetic  modification  (mutation, 
plasmid-assisted  breeding  and  genetic  engineering).  This  work 
will  be  discussed  in  Section  IV.E. 


2.  SIGNIFICANCE  OF  MICROBIAL  COMMUNITIES  IN 
BIODEGRADATION 

While  many  published  laboratory  studies  have  shown  that 
pure  microbial  cultures  (i.e.  single  species)  can  attack  and  degrade 
a  number  of  xenobiotics,  it  is  important  to  realize  that  in  natural 
ecosystems  and  full  scale  waste  treatment  systems,  biodégradation 
reactions  are  generally  mediated  by  microbial  communities  which 
are  composed  of  different  types  of  microorganisms  having  many 
different  metabolic  capabilities.  In  fact,  it  is  very  rare,  if  ever,  that 
one  encounters  pure  microbial  cultures  in  the  wild,  except 
perhaps  in  certain  very  extreme  environments  (Slater  and  Lovatt, 
1984).  Pure  cultures,  in  reality,  are  limited  to  the  artificial 
conditions  imposed  in  the  research  laboratory! 

The  existence  of  such  communities  is  well  documented  in 
the  recent  literature.  In  some  of  the  earlier  ecological  studies, 
highly  stable  associations  of  different  microorganisms  were 
obtained  using  conventional  enrichment  techniques  designed  for 
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the  isolation  of  pure  cultures  of  bacteria  from  natural 
environments.  The  classic  example  is  the  case  of  a  microorganism 
originally  known  as  Chloropseudomonas  ethylica,  which  was  later 
shown  to  composed  of  two  different  tightly  coupled  species,  a 
green  photosynthetic  bacterium  of  the  Chlorobium  sp.  and  a 
sulfate-reducing  bacterium  (Gray  et  al,  1973). 

Microbial  ecologists  have  since  refined  and  modified  their 
enrichment  techniques  to  allow  for  more  effective  isolation  of 
stable  microbial  associations  such  as  those  from  natural 
environments.  As  a  result,  a  large  number  of  communities  have 
now  been  isolated  and  characterized  in  detail.  A  number  of 
examples  pertaining  to  the  biodégradation  of  xenobiotic 
pollutants  are  summarized  in  Table  8. 

In  an  excellent  review  on  the  significance  of  microbial 
communities  on  biodégradation,  Slater  and  Lovatt  (1984)  pointed 
out  that  individual  component  members  of  degradative 
communities  are  often  much  less  effective  than  the  community  as 
a  whole  in  their  ability  to  biodegrade  many  xenobiotic  pollutants. 
These  microbial  interactions  result  in  significantly  enhanced  rates 
of  biodégradation  and  the  mineralization  or  biotransformation  of 
a  much  wider  range  of  xenobiotics  than  is  possible  by  any  of  the 
individual  component  species  of  the  communities.  The  term 
consortium  has  been  introduced  to  describe  a  two-membered 
culture  or  natural  assemblage  such  as  those  in  Table  8  in  which 
each  microorganism  derives  benefit  from  the  other  as  a  result  of 
their  interactions  (Brock  etaL,  1984). 

For  the  purposes  of  this  review,  it  is  important  to 
appreciate  that  this  dependence  of  biological  waste  treatment 
processes  on  the  presence  of  stable  communities  is  critical  to 
their  functioning  well.  As  is  discussed  in  Section  IV.B.l.,  any  of  a 
number  of  critical  physicochemical  or  biological  factors  can  upset 
the  community  and  the  metabolic  interactions  that  take  place  in 
the  bioreactor.  If  these  parameters  are  not  properly  controlled  or 
understood,  this  can  result  in  costly  process  failures  and 
shutdowns. 
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TABLE  8 
BIODEGRADATION  ENHANCED  BY  THE  INTERACTION  OF 

MICROBES3 


ORGANISMS 


COMMENTS 


Hydrogenomonas  sp.  and 
Arthrobacter  sp. 

Pseudomonas  sp.  and 
Achromobacter  sp. 


Bacillus  pofymyxa  and 
Proteus  vulgaris 


Chlorobium  limicola  and 
Desulfovibrio  sp. 


Saccharomyces  cerevisiae  and 
Lactobacillus  casei 

Nitrosomonas  sp.,  Nocardia 
altantica  and  Pseudomonas  sp. 


Lactobacillus  plantarum  and 
Streptococcus  faecalis 


Pseudomonas  sp.,  unident- 
ified bacterium,  Trichoderma 
viride,  Ps.  putida,  budding 
yeast,  Flavobacterium  sp. 
and  unidentified  pseudomonad 


A.  grew  on  p-chlorophenylacetic 
acid  produced  from  DDT"  by  H. 

The  pair  grew  on  Silvexc,  but 
not  tne  individual  strains. 
Chloride,  COo  and  a  small  amount 
of  2,4,5-trichlorophenol  was 
produced. 

P.  produced  nicotinic  acid 
required  by  B.  ;   B.  produced 
biotin  required  by  P. 

C  used  HS"  as_electron  donor  _ 
producing  S04    ,   D.  used  S04z* 
as  electron  acceptor,  producing 
HS'. 

S.  produced  riboflavin  required 
byL 

The  conversion  of  NH4+  to  N02" 
by  Nit.  increased  in  the 
presence  of  Noc.  and  P. 

L  produced  folic  acid  recjuired 
by  S.\    S.  produced  phenyla- 
lanine required  by  L 

The  first  four  organisms  were  , 
primary  degraders  of  Dalapon  . 
The  others  grew  on  the  waste 
products  of  the  first  four. 
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TABLE8  (Cont'd) 
BIODEGRADATION  ENHANCED  BY  THE  INTERACTION  OF 

MICROBES2 


ORGANISMS 


COMMENTS 


Methanobacterium  sp.  and 
"S"  organism 


Methanobacterium  sp.  and 
Desulfovibrio  desulfuricans 


Pseudomonas  putida  and 
Pseudomonas  sp. 


Three  pseudomonads  and 
Hyphomicrobium  sp. 


"S"  fermented  ethanol  to  W$ 
M.  used  H2  for  growth  and 
methane  formation. 

D.  released  acetate  which  was 
fermented  by  M.  to  produce 
methane. 

The  mixed  culture  used  polyvinyl 
alcohol  as  sole  carbon  source, 
the  isolated  strains  could  not 
Ps.  sp.  degraded  PVA  but 
required  growth  factors  from  P. 
put.\   P.  put.  grew  on  PVA 
metabolites  from  Ps.  sp. 

The  pseudomonads  oxidized 
methane;  H.  used  the  methanol, 

{>reventing  its  accumulation  to 
evels  that  inhibit  the 
pseudomonads. 


?Data  complied  by  Johnston  and  Robinson,  1984 
bDDT  =  l,l,l-Tnchloro-2,2-bis[p-chlorophenyl]ethane 
SSilvex  =  2-[2,4,5-Trichlorophenoxy]propionic  acid 
"Dalapon  =  2,2-Dichloropropionic  acid 
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Table  9  summarizes  the  various  types  of  microbial 
interactions  which  have  been  shown  to  promote  waste  treatment 
processes.  In  essence,  these  interactions  usually  involve  the 
partial  transformation  of  a  particular  pollutant  by  one  microbial 
group  with  subsequent  utilization  of  the  products  by  other 
members  of  the  community.  At  the  same  time,  this  second  group 
of  the  community  will  often  provide  benefit  to  the  first  group,  by 
synthesizing  and  excreting  some  essential  growth  factor  that  is 
essential  to  the  first  group  or  by  removing  toxic  chemical 
substances  from  the  ecosystem  which  would  be  inhibitory  to  the 
first  group  (i.e.  heavy  metals,  other  xenobiotics  or  metabolic 
intermediates  of  the  first  group  which  would  otherwise 
accumulate). 


a)  Commensalism  and  Mutualism 

Examples  of  this  type  are  called  commensalistic  or 
mutualistic,  depending  on  whether  one  (commensalism)  or  both 
(mutualism  or  symbiosis)  microorganisms  benefit  from  the 
interaction.  A  commensalistic  microbial  community  which 
biodegraded  trichloroacetic  acid  (TCA)  was  enriched  from  soil 
and  described  by  Jensen  (1957).  The  community  consisted  of 
three  microorganisms,  an  unidentified  bacterium  (strain  3C1) 
which  could  dechlorinate  TCA  and  use  it  as  a  primary  carbon  and 
energy  source  for  growth,  and  two  species  of  Streptomyces,  which 
were  not  able  to  grow  on  TCA.  Strain  3C1  could  not  grow  in  the 
absence  of  the  Streptomyces  sp.,  unless  it  was  provided  with  an 
exogenous  supply  of  vitamin  B^-  In  the  natural  commensalistic 
culture  growing  on  TCA,  it  was  concluded  that  one  or  both  of  the 
Streptomyces  sp.  provided  strain  3C1  with  the  essential  vitamin 
while  using  substrates  other  than  TCA  as  their  carbon  and  energy 
source. 

The  direct  synthesis  and  excretion  of  essential  growth 
nutrients  is  only  one  way  in  which  one  member  of  a 
commensalistic  or  mutualistic  community  can  nutritionally  assist 
another.        Other    mechanisms    include:    (a)    increasing    the 
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TABLE9 
TYPES  OF  MICROBIAL  COMMUNITY2 


1.  Interactions  based  on  the  provision  of  specific  nutrients. 

2.  Interactions  based  on  the  removal  of  growth-inhibitory  products. 

3.  Interactions  based  on  the  modification  of  individual  organism  basic  growth 
parameters. 

4.  Interactions  based  on  combined  (concerted)  metabolic  attack. 

5.  Interactions  based  on  co-metabolism. 

6.  Interactions  based  on  hydrogen  (or  electron)  transfer. 

7.  Interactions  based  on  the  presence  of  more  than  one  primary  substrate  utilizer. 

aSource:  Slater  and  Lovatt,  1984 
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availability  of  a  bound  or  otherwise  inaccessible  substrate,  for 
example,  by  excreting  a  biosurfactant  to  release  an  insoluble 
pollutant  (Banerjee  et  al.,  1983;  McCormick,  1985);  (b)  release  of 
extracellular  enzymes  whose  hydrolytic  activities  can  provide 
readily  utilizable  substrates  from  otherwise  non-available  complex 
substrates  (e.g.  glucose  from  cellulose);  and  (c)  production  of 
utilizable  substrates  through  co-metabolism  (discussed  below). 

Another  basis  of  commensalistic  or  mutualistic  relationships 
is  based  on  the  removal  or  neutralization  of  a  toxic  substance 
from  the  immediate  environment.  Detoxification  or  degradation 
of  particular  toxic  organic  substances  in  an  ecosystem  by  specific 
microorganisms  can  allow  other,  more  susceptible  members  of  the 
population  to  grow.  This  is  the  case,  for  example,  with  heavy 
metal  toxicity.  Many  microorganisms  have  the  ability  to 
precipitate,  bind  or  accumulate  different  heavy  metals  including 
mercury,  cadmium,  chromium,  uranium,  iron  and  lead  (Summers 
and  Silver,  1978;  McCormick,  1985).  The  precipitation  of  toxic 
heavy  metals  ions  such  as  mercury  by  hydrogen  sulfide  gas 
provides  a  well  understood  example.  Hydrogen  sulfide  is 
produced  by  many  different  genera  of  sulfate-reducing  bacteria 
which  occur  widely  in  nature  and  which  have  been  isolated  from 
many  extreme  environments  (Ouellette  and  Cheremisinoff,  1985). 
In  addition  to  metal  precipitation,  in  the  case  of  mercury  toxicity, 
bacteria  have  evolved  a  whole  host  of  additional  mechanisms  for 
the  detoxification  and  degradation  of  both  inorganic  mercury 
compounds  and  organomercurials  (Jefferies,  1982;  Summers, 
1987). 


b)  Co-metabolism 

Co-metabolism  or  fortuitous  metabolism  as  it  is  sometimes 
also  called,  is  a  phenomenon  whereby  a  bacterium  is  able  to 
partially  or  totally  transform  a  non-growth  substrate  (i.e.  a  specific 
xenobiotic  compound)  in  the  obligate  presence  of  another  organic 
compound  which  serves  as  its  growth  substrate  (i.e.  carbon  and 
energy  source).   In  other  words,  a  microorganism  that  is  growing 
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on  a  primary  growth  substrate  is  able  to  gratuitously  oxidize  or 
otherwise  transform  a  second  substrate  that  it  is  unable  to  utilize 
as  a  growth  substrate.  It  is  a  fortuitous  form  of  metabolism  in  that 
the  reactions  are  catalyzed  by  microbial  enzymes  which  have 
broad  substrate  specificity.  With  certain  compounds,  some  of  the 
carbon  from  the  co-metabolic  substrate  may  be  incorporated  into 
the  cellular  biomass  of  the  transforming  microorganism  (Johnston 
and  Robinson,  1984). 

In  the  case  of  partial  transformation,  the  chemical 
intermediates  produced  by  co-metabolism  may  be  available  for 
consumption  as  carbon  and  energy  sources  by  other  members  of 
the  microbial  community.  Many  examples  of  co-metabolism  have 
been  demonstrated  in  controlled  laboratory  studies,  as 
summarized  in  Table  10.  For  example,  in  the  '  case  of 
Mycobacterium  vaccae,  the  bacterium  is  able  to  co-metabolize 
cyclohexane  while  growing  on  propane,  but  is  not  able  to 
assimilate  either  the  cyclohexane  or  the  co-metabolic  product, 
cyclohexanone  (Beam  and  Perry,  1974).  The  latter  however,  can 
support  the  growth  of  other  bacteria  in  this  commensalistic 
community,  which  also  cannot  utilize  the  cyclohexane.  The  extent 
to  which  such  co-metabolism  is  involved  in  the  biodégradation  of 
pollutants  in  nature  is  not  clear  (Johnston  and  Robinson,  1984). 

The  possible  exploitation  of  co-metabolism  has  been 
considered  as  a  possible  approach  to  the  in  situ  treatment  of 
pollutants,  whereby  acclimatized  microbial  seed  cultures  (see 
Section  IV.E.1.)  would  be  injected  along  with  a  growth  substrate 
into  a  suitable  aquifer  system  (Jhaveri  et  aï.,  1983;  Wilson  and 
Ward,  1987).  It  would  appear  that  this  approach  is  being 
successfully  applied  to  a  number  of  hazardous  waste  problems, 
including  a  few  of  the  Superfund  sites  in  the  United  States 
(Bourquin,  A.,  personal  commun.).  However,  as  pointed  out  by 
McCarty  (cited  by  Roberts,  1987),  the  economic  feasibility  of 
injecting  huge  quantities  of  an  energy  source  (i.e.  primary 
substrate)  into  the  ground  must  be  carefully  evaluated  for  each 
waste  treatment  situation.  Primary  energy  sources  are  required  at 
levels  of  about  100  to  1000  times  greater  than  that  of  the 
pollutants  if  the  latter  are  to  be  co-metabolized.  Thus,  for  every 
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TABLE10 
EXAMPLES  OF  CO-METABOLISMa 


Microorganisms 

Co-substrate 

Growth 
Substrate 

Product 

Achromobacter 
sp. 

Amitraz* 

yeast 
extract 

not 
identified 

Arthrobacter  sp. 

m-chlorobenzoate 

benzoate 

4-chlorocatechol 

Bacillus  spp. 

various  n-alkanes, 
e.g.  tetradecane 

glucose  + 

nutrient 

medium 

various 
ketones  and 
diols 

Brevibacterium 
sp. 

2,3,6-  trichloro- 
benzoate 

benzoate 

3,5-dichlo- 
rocatechol 

Methylomonas 
methanica 

ethane,  propane, 
butane 

methane 

alcohols, 
ketones  and 
acids 

Mixed  culture 

cyclohexane 

hexadecane 

increased 
mineraliz- 
ation 

Mycobacterium 
rodochrous 

cyclohexane 

resting 
cells  grown 
on  propane 

cyclohexanone 

Mycobacterium 
smegmatis 

methane,  ethane, 
ethylene  or 
propylene 

resting 
cells  grown 
on  propane 

not 

identified 

Mycobacterium 
vaccae 

cyclohexane 

propane 

cyclohexanone 

Nocardia 
coralUna 

toluene 

hexadecane 

2,3-dihydroxy- 

benzoate;o6 
methylmuconate 

(continued) 
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TABLE  10  (Cont'd) 
EXAMPLES  OF  CO-METABOLISMa 


Microorganisms 

Co-substrate 

Nocardia 
salmonicolor 

p-xylene 

Norcardia 
salmonicolor 

various  -di- 

methylnaph- 

thalenes 

Nocardia 
salmonicolor 

ethylbenzene 

Nocardia 
salmonicolor 

p-cymene 

Nocardia 
salmonicolor 

various 
alkylbenzenes 

Nocardia  sp. 

4~(methylmer- 
captan)-phenol 

Nocardia  sp. 

4-(metbylsuf- 
inyl)-phenol 

Pseudomonas 
aeruginosa 

Kepone** 

Pseudomonas 
putida 

2-chlorona- 
phthalene 

Pseudomonas  sp. 

Amitraz 

Pseudomonas  sp. 

3-chloropro- 
pionate 

Growth 

Substrate 


Product 


hexadecane 


hexadecane 


2,3-dihydroxy- 
toluate;  p- 
toluate 


vanous 


/3  -  carboxy 
methyl  naphtha- 
lenes 

hexadecane       phenylacetate 


hexadecane       cumate 


hexadecane 

carboxylic 
acids 

yeast 
extract 

2-hydroxy- 
5-methyl- 
mercaptan 
muconic  semi- 
aldehyde 

yeast 
extract 

2-hydroxy- 
5-methyl- 
sulfinyl  muconic 
semialdehyde 

yeast 
extract 

monohydro- 
kepone 

naphthalene 

chloro-2- 

hydroxy-6-oxo- 

hexadieneoate 

yeast 
extract 

not 
identified 

yeast 
extract 

not 
identified 

(continued) 
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TABLE10 
EXAMPLES  OF  CO 


(Cont'd) 
-METABOLISM3 


Microorganisms 

Co-substrate 

Growth 
Substrate 

Product 

Pseudomonas  sp. 
B13 

isomeric  cresols 

resting 
cells  grown 
on  phenol 

methyl 
catechols 

Psuedomonas  sp. 

B13 

various  chlorophenols 

resting 
cells  grown 
on  phenol 

various 

chlorocate- 

chols 

Soil  organism 

Diazmon*** 

root 
exudates 

increased 
mineral- 
ization   • 

Soil  organism 

Parathion  + 

root 
-exudates 

increased 
mineral- 
ization 

Soil  organism 

Malathion+  + 

n-hepta- 
decane 

increased 
mineral- 
ization 

Unidentified 

lindane  +  +  + 

glucose 

mineral- 

microorganisms 

ization 

aData  compiled 
•     Amitraz  = 

•"    Kepone  = 

•••Diazinon  = 

+     Parathion  = 
+  +  Malathion  = 

+  +  +  Lindane  = 


by  Johnston  and  Robinson,  1984. 

l^-di(2,4-dimethylphenyl)-3-methyl-l,3,5- 
trizazpenta- 1 ,4-diene . 
decachlorooctahydro-  l,3,4-metheno-2H- 
cyclobuta  {cd)  pentalen-2-one. 
0,0-diethyl-0-(2-isopropyl-4-methyl-6- 
pyrimidyl)  phosphorotnioate. 
0,0-diethyl-O-p-nitrophenylphosphorothiate. 
S-(  l^-dicarbethoxyethyl)-0,0- 
dimethyldithio-phosphate. 
1^3,4,5,6-hexachlorocyclohexane,ï -isomer. 
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kilogram  of  hazardous  chemical  to  be  transformed,  up  to  100  to 
1000  kg  of  primary  substrate  would  have  to  be  added  to  the 
aquifer.  The  operating  costs  for  such  treatment  could  be 
enormous!  At  a  Superfund  site  in  Florida  being  treated  in  situ  by 
ECO  VA  Corp.,  the  high  content  of  natural  organic  compounds  in 
the  contaminated  soil  appears  to  be  providing  much  of  the 
required  organic  nutrient  for  the  co-metabolizing  bacteria  (A. 
Bourquin,  person,  commun.) 


c)  Other  Biological  Interactions 

Mutualism  and  commensalism  are  not  the  only  types  of 
interactions  that  can  affect  the  performance  of  microorganisms  in 
natural  environments  or  biological  treatment  systems.  In  all,  eight 
different  types  of  interactions  have  been  described  (Table  11). 
For  a  more  complete  discussion  of  these  important  microbial 
interactions,  the  reader  is  referred  to  several  recent  publications 
(Slater  and  Lovatt,  1984;  Johnston  and  Robinson,  1984;  Atlas  and 
Bartha,  1987). 


D.  IMPORTANCE  OF  FEASIBILITY  TESTING 

Because  of  the  known  recalcitrance  and  toxic  nature  of 
many  xenobiotic  compounds,  the  feasibility  of  biological 
treatment  for  a  particular  waste  must  be  evaluated  thoroughly 
before  process  selection  begins.  As  an  overall  objective  a 
treatability  test  should  be  designed  to  serve  as  a  reliable  predictive 
tool  for  estimating  the  environmental  persistency  and  metabolic 
fate  of  xenobiotic  compounds  in  natural  ecosystems  and  waste 
treatment  systems  (Johnson,  1980),  and  for  assessing  the  influence 
of  physical,  chemical  and  biological  factors  on  biodégradation. 
More  sophisticated  treatability  studies  can  provide  a  wealth  of 
information  on  the  extent  of  mineralization  and  identification  of 
the  metabolic  breakdown  products. 
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TABLE11 
TYPES  OF  INTERACTIONS  BETWEEN  MICROORGANISMS3 


Effect  of  Interaction 

Name  of  Interaction 

Population  A 

Popul 

ation  B 

Neutralism 

0 

0 

Commensalism 

0 

+    • 

Synergism  (Protocooperation) 

+ 

+ 

Mutualism  (Symbiosis) 

+ 

+ 

Competition 

- 

- 

Amensalism 

Oor  + 

- 

Prédation 

+ 

- 

Parasitism 

+ 

- 

0  =  no  effect 

+  =  positive  effect 

-  =  negative  effect 
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Treatability  tests  that  have  been  carefully  and  thoughtfully 
designed  to  closely  mimic  actual  or  expected  "real  world" 
conditions  of  the  field  or  intended  bioreactor  can  provide  a  great 
deal  of  important  information  for  both  the  process  engineers  and 
operators.  The  data  obtained  from  the  treatability  study  should 
provide  information  to  guide  in  the  selection  and  design  of  the 
most  appropriate  type  of  treatment  system  for  a  particular  waste 
problem  (Aitken  and  Irvine,  1987;  Alexander,  1985;  Gledhill, 
1975;  Pramer  and  Bartha,  1972;  U.S.  Environmental  Protection 
Agency,  1982).  The  major  considerations  include  selection  of 
process  configuration  (e.g.  SBR,  anaerobic  digestion,  in  situ 
treatment,  etc.),  and  determination  of  the  need  to  provide 
nutrient  supplementation,  oxygen,  pH  or  temperature  control, 
pretreatment  and/or  final  polishing  steps. 

In  addition,  optimum  conditions  and  operating  strategies 
with  respect  to  the  various  physicochemical  parameters 
(temperature,  dissolved  oxygen,  pH,  etc.)  can  be  determined  from 
the  treatability  data,  along  with  vital  information  on  the  kinetics 
and  stoichiometry  of  waste  removal  and  of  detoxification  during 
the  course  of  the  biological  treatment.  Other  important  process 
parameters  that  can  be  determined  in  a  well  designed  feasibility 
study  are  the  optimal  organic  and  hydraulic  loading  rates  for  the 
fermentation  and  an  indication  of  the  stability  of  the  process 
(Aitken  and  Irvine,  1987).  Problems  resulting  from  uneven  flow 
rates  or  from  shock  loads  (i.e.  sudden  overloading  of  toxicants)  to 
the  system  can  often  be  minimized  by  employment  of  an 
equalization  basin,  which  serves  both  as  a  holding  tank  (to  collect 
the  total  daily  influent)  and  as  a  continuous  steady-state  feed 
system  for  controlling  the  flow  rate  of  influent  into  a  waste 
treatment  system  (McDowell,  1984). 

There  are  four  essential  components  to  a  biotreatability 
test:  (a)  the  chemical  (pollutant);  (b)  the  biological  agent  (the 
degradative  microorganisms);  (c)  the  environment;  and  (d)  the 
analytical  system.  As  we  will  discuss,  each  of  these  four 
component  parts  must  be  carefully  considered  if  the  test  used  is  to 
generate  valid  data  for  extrapolation  to  the  real  world.  A 
considerable  body  of  research  has  shown  that  the  reliability  of 
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biotreatability  tests  to  predict  successful  scale-up  will  be 
dependent  on  how  closely  the  physicochemical  and  biological 
conditions  of  the  real  world  can  be  duplicated  in  the  assay  and  on 
the  accuracy  of  the  analytical  or  other  procedures  used  to 
measure  biodégradation  (Johnson,  1980;  Gilbert  and  Lee,  1980; 
Gledhill  etaL,  1980;  Alexander,  1985;  Aitken  and  Irvine,  1987). 

In  the  past,  misleading  or  inaccurate  data  was  often 
obtained  because  the  selected  conditions  were  non-representative 
of  the  field  or  full  scale  operating  conditions,  especially  with 
respect  to  the  concentrations  of  the  test  chemicals  added  to  the 
evaluation  system  (Alexander,  1985).  In  other  cases,  the  choice  of 
test  used  for  particular  environmental  assessment  may  not  have 
been  appropriate  (Johnson,  1980).  According  to  a  currently 
accepted  laboratory  protocol,  the  waste  substance  should  be 
added  to  a  representative  environment  (e.g.  a  biologically  active 
soil  or  water  sample)  at  a  representative  concentration  and 
incubated  under  realistic  environmental  conditions  (Pramer  and 
Bartha,  1972).  Another  commonly  used  test  for  assessing 
biodegradability  is  called  the  die-away  test,  which  is  carried  out  in 
the  field  (Gilbert  and  Lee,  1980;  Brock  et  aL,  1984).  In  essence, 
the  pollutant  of  interest  is  introduced  into  the  natural  soil,  water 
or  sewage  at  a  suitable  test  site,  and  it's  rate  of  disappearance 
under  natural  conditions  is  then  monitored.  As  is  discussed 
below,  in  this  assay,  the  rate  of  disappearance  from  the  open  test 
ecosystem  will  be  determined  by  both  biotic  and  abiotic  factors 
and  therefore  the  observed  kinetics  are  not  only  a  measure  of 
biodegradability. 

A  full  description  of  the  various  types  of  feasibility  tests  that 
have  been  employed  for  determining  and  predicting 
biodegradability  is  outside  the  context  of  the  present  study.  For  a 
more  complete  discussion  of  the  tests  themselves,  the  reader  is 
referred  to  the  referenced  materials  as  a  starting  point.  Some 
general  design  principles  which  ultimately  determine  the 
usefulness  and  validity  of  the  tests,  however,  will  be  reviewed 
here.  There  are  a  number  of  fundamental  considerations  that 
need   to   be   taken    into    account  when    specifying   the   four 
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component  protocols  of  the  tests.    These  are  discussed  in  the 
following  sub-sections: 


1.  THE  ANALYTICAL  SYSTEM 

In  the  experimental  biotreatability  assays,  the  kinetics  and 
extent  of  waste  biodégradation  can  be  monitored  by  a  number  of 
procedures  which  vary  in  both  their  sensitivity  and  their  specificity 
for  particular  pollutants.  Among  the  non-specific  methods  are 
respirometric  or  CO2  evolution  techniques,  determinations  of 
biological  (BOD)  or  chemical  (COD)  oxygen  demand  reduction, 
radiotracer  techniques,  and  measurement  of  total  organic  carbon 
(TOC)  or  total  organic  chlorine  (TOC1).  Frequently  used 
analytical  methods  to  identify  and  quantify  the  component 
pollutants  in  waste  samples  include  gas  chromatography  (GC), 
GC/mass  spectrometry  (GC/MS),  thin  layer  chromatography 
(TLC),  high  pressure  liquid  chromatography  (HPLC)  and  atomic 
absorption  spectrophotometry  (Gilbert  and  Lee,  1980;  Atlas  and 
Bartha,  1987).  Each  of  these  methods  can  impose  certain 
limitations  on  the  test  conditions  themselves  and  can  directly 
influence  the  results  obtained  (Gilbert  and  Lee,  1980). 


2.  THE  BIOLOGICAL  AGENT 

The  laroratory  tests  should  generally  be  carried  out  with 
suitably  selected  seed  cultures  that  have  been  acclimatized  or 
adapted  to  the  particular  types  of  chemicals  being  evaluated 
(Aitken  and  Irvine,  1987;  Gledhill,  1975;  Sugatt  et  al,  1984). 
Microorganisms  in  environmental  samples  can  be  acclimatized  to 
the  substances  by  exposing  them  over  a  period  of  time  to 
gradually  increasing  doses  of  the  chemical,  while  feeding  them 
suitable  nutrients.  Excellent  starting  sources  for  microorganisms 
include  soil  and  water  samples  from  the  actual  pollution  site  or 
from  other  similar  pollution  sites  or  sewage  sludge  from  municipal 
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waste  treatment  reactors  (Johnson  et  al.,  1985;  Aitken  and  Irvine, 
1987). 

During  the  acclimatization  period,  the  microorganisms  in 
the  mixed  culture  are  subjected  to  the  forces  of  natural  selection. 
Survival  of  a  microorganism  in  the  environment  is  dependent  on 
many  factors  including  (a)  physiological  (i.e.  non-genetic) 
adaptation  to  the  introduced  toxicant;  (b)  genetic  modification 
e.g.  gene  transfer  between  different  bacteria  (through 
conjugation,  deoxyribonucleic  acid  (DNA)  transformation,  or 
plasmid  exchange)  or  gene  mutation  (spontaneous  or  induced); 
and  (c)  competition  and  other  interactions  with  other  members  of 
the  microbiota  leading  to  ecological  succession  and  to  the 
formation  of  new,  stable  microbial  communities. 

The  end  result  should  be  the  emergence  of  an  active  mixed 
culture  which  can  respond  aggressively  to  a  particular  waste.  The 
acclimatization  period  may  take  quite  a  long  period  to  achieve, 
especially  for  anaerobic  digestions  or  very  complex  or  recalcitrant 
wastes.  Failure  to  employ  acclimatized  cultures  in  the  treatability 
studies,  as  a  time-saving  measure,  will  often  result  in  low  or 
negligible  measured  activities  and  may  lead  the  evaluator  to 
recommend  non-biological  treatment  for  the  particular  waste. 

For  in  situ  biological  treatments,  useful  information  about 
the  physiological  and  spatial  distribution  and  numbers  of 
microorganisms  at  an  intended  site  can  often  be  obtained  from 
treatability  tests  using  unseeded  soil  samples  gathered  from  the 
location. 


3.  THE  CHEMICAL  (POLLUTANT)  AND  ENVIRONMENT 

As  with  any  other  type  of  fermentation  process,  an 
assessment  of  the  biodegradability  of  a  particular  waste  material 
should  begin  with  a  comprehensive  characterization  of  both  the 
waste  material  (i.e.  the  feedstock)  and  the  environment  (i.e.  the 
treatment  site  or  intended  operating  conditions)  (Aitken  and 


■81- 


Irvine,  1987;  Knox,  1983).  The  parameters  of  concern  include  the 
identification  of  the  major  organic  pollutants,  assessment  of 
nutrients  available  in  the  environment  (especially  with  respect  to 
nitrogen,  phosphorus  and  iron),  pH  and  buffering  capacity, 
oxygen  availability,  determination  of  total  dissolved  solids  and 
organic  content,  and  presence  of  heavy  metals  and  other  potential 
toxicants.  In  the  case  of  in  situ  treatments,  the  bioavailability  and 
spatial  distribution  of  different  pollutants  as  a  function  of  both 
depth  and  distance  from  the  discharge  pipe  may  be  very 
important  factors  influencing  biodegradability  at  different 
locations  within  the  site  (Applied  Technology  Associates,  1977; 
MacKay  etaL,  1985;  Johnson,  1980) 

In  carrying  out  laboratory  and  pilot  scale  evaluations,  as 
well  as  the  acclimatization  of  the  microorganisms,  it  is  critical  that 
the  investigator  add  the  particular  toxicants  of  interest  at 
concentrations  representative  of  the  concentrations  to  be 
encountered  in  the  field  or  full  scale  treatment  system.  Until 
recently  investigators  have  tended  to  use  much  higher  levels  of 
pollutants  in  their  treatability  tests  and  this  has  produced  very 
erroneous  and  misleading  findings  (Alexander,  1985;  Rubin  et  aL, 
1982;  Wang  et  al,  1984). 

It  is  now  known  that  very  different  types  of  microorganisms 
may  be  active  and  dominant,  depending  on  the  level  and 
availability  of  carbon  and  energy  sources  (Alexander,  1985). 
These  recent  studies  have  also  shown  that  diverse  mechanisms  of 
biotransformations  may  be  employed  by  these  populations,  giving 
rise  to  different  fermentation  end-products.  Furthermore,  it  is 
also  clear  from  this  work  that  feasibility  studies  which  employ 
elevated  pollutant  concentrations  cannot  accurately  predict  the 
kinetics  of  pollutant  biodégradation  (Alexander,  1985;  Subba-Rao 
et  aL,  1982).  Commonly  hazardous  pollutants  are  present  in 
landfill  leachates  and  other  environments  at  parts  per  billion 
(ppb)  levels. 
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4.  ADDITIONAL  CONSIDERATIONS  -  ABIOTIC  FACTORS 

Another  important  factor  to  be  considered  when 
interpreting  biodegradability  data  obtained  from  both  controlled 
laboratory  tests  or  in  the  open  field  is  the  possible  role  of  abiotic 
factors  which  might  account  for  significant  loss  of  the  pollutant 
from  the  test  system.  These  abiotic  factors  include  leaching, 
adsorption  or  ionic  binding  of  pollutants  to  clays,  bioaccumulation 
in  microbial  biomass,  volatilization,  spontaneous  chemical 
transformation  or  breakdown,  and  photolysis.  It  is  prudent 
therefore  to  conduct  mass  balance  checks  on  the  major 
constituents  of  interest  to  avoid  overestimating  the  true  extent  of 
biodégradation  (Brock  et  ai,  1984;  Aitken  and  Irvine,  1987).  In 
controlled  laboratory  tests  many  of  these  abiotic  conditions 
cannot  be  duplicated  and  therefore  cannot  be  properly  assessed 
without  going  to  field  trials.  Similarly,  some  co-metabolic 
transformations  of  xenobiotic  substances  have  been  reported  to 
be  greatly  stimulated  by  the  presence  of  root  exudates  (Hsu  and 
Bartha,  1979).  Such  phenomena  are  not  easily  tested  in  the 
laboratory  yet  may  be  quite  important  in  in  situ  biological 
treatments.  For  these  reasons,  field  trials  are  sometimes  carried 
out  prior  to  final  process  selection  and  design  to  verify  the 
laboratory  findings. 

As  an  added  note,  in  addition  to  the  biodegradability  tests 
that  have  been  discussed,  a  variety  of  other  biological  tests  have 
been  devised  for  estimating  acute  and  chronic  toxicity  of 
pollutants  (Liu  and  Dutka,  1984;  Quillardet  et  al.,  1985),  and 
chemical  mutagenicity  (Ames  et  al.,  1975).  These  too  may  be 
employed  as  part  of  a  waste  treatment  feasibility  study. 
Discussion  of  such  tests  are  outside  the  terms  of  reference  of  the 
present  study. 
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E.  RECENT  ADVANCES  IN  GENETIC 

BREEDING  OF  IMPROVED  DEGRADATTVE 
BACTERIA 


As  was  discussed  in  Sections  IV.B.3.  and  4.,  there  is  now  a 
large  body  of  evidence  showing  that  many  xenobiotic  compounds 
can  be  partially  transformed  or  mineralized  by  a  diversity  of 
natural  degradative  microorganisms  from  a  variety  of  genera  (see 
Table  7).  However,  as  was  also  discussed,  the  observed  rates  of 
biotransformation  and  mineralization  for  many  of  these  pollutants 
have  been  shown  to  be  too  slow  even  under  carefully  controlled 
conditions  of  the  laboratory,  to  be  of  any  practical  immediate 
benefit  in  terms  of  current  application  of  the  technology  to 
combat  real  world  waste  problems.  For  certain  other,  highly 
recalcitrant  compounds,  no  known  natural  metabolic  mechanisms 
for  biodégradation  or  biotransformation  are  known. 

Microbiologists  using  both  traditional  and  novel 
experimental  approaches  have  shown  that  for  many  recalcitrant 
pollutants  it  is  possible  and  feasible  to  develop  genetically 
improved  or  acclimatized  seed  cultures  (single  or  mixed  species) 
which  have  an  increased  capacity  to  biodegrade  or  detoxify  these 
compounds.  The  laboratory  methods  that  have  been  successfully 
employed  are  conventional  strain  isolation  and  enrichment 
(acclimatization/adaptation),  classical  mutagenesis,  plasmid- 
assisted  breeding  and  genetic  engineering.  The  latter  three 
methods  are  specifically  designed  to  accelerate  normal 
evolutionary  processes. 

Variability  in  genetic  traits  may  be  introduced  into  a 
population  through  spontaneous  mutation.  The  classical 
technique  of  chemically  or  physically  induced  mutagenesis  has 
been  widely  employed  to  enhance  the  rate  of  such  occurrences. 
Plasmid-assisted  breeding  and  genetic  engineering  are  two  new, 
extremely  powerful  tools  which  are  being  used  by  researchers  to 
construct  entirely  new  microbial  catabolic  pathways  for  the 
degradation  of  specific  pollutants.  By  developing  a  number  of 
specific  superior  strains  and  then  mixing  and  matching  them,  it 
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may  be  possible  to  develop  tailor-made  microbial  preparations  as 
another  resource  for  combating  specific  hazardous  waste 
problems  (Glasner,  1979;  McCormick,  1985). 

There  are  many  potential  applications  where  this  research 
could  be  beneficial.  Recently,  a  group  of  leading  experts  in  the 
field  met  to  discuss  this  topic  (Johnston  and  Robinson,  1984). 
They  compiled  a  list  of  compounds  considered  both  recalcitrant 
and  toxic,  which  they  targeted  as  deserving  the  most  attention  for 
research  into  improving  their  biodegradability  (Johnston  and 
Robinson,  1984).  The  compounds,  in  terms  of  priority,  included 
penta-  and  tetrachlorodibenzodioxins  (TCDD's)  and  their 
dibenzofuran  analogues  (TCDFs),  PCB's,  toxaphenes, 
Dieldrin/Aldrin,  Heptachlor  and  its  epoxide,  the  Chlordanes, 
Mirex,  Kepone  and  the  hexachlorocyclohexane  insecticides.  All 
are  highly  toxic  and  persistent  in  the  environment.  In  this  section 
of  the  report,  the  type  of  progress  that  has  been  made  in  this  area 
will  be  briefly  reviewed. 

Regardless  of  which  of  these  approaches  is  taken,  one  needs 
to  begin  the  experiments  with  a  good  bacterial  inoculum  (i.e. 
source  of  degradative  microorganisms  used  to  initiate  the 
microbial  culture).  The  best  sources  of  such  strains  are  generally 
samples  of  contaminated  soils  or  waters  collected  from  the 
hazardous  waste  site  or  from  other  sites  that  have  received  similar 
wastes  (Aitken  and  Irvine,  1987;  Johnston  and  Robinson,  1984; 
McCormick,  1985;  Steiert  and  Crawford,  1985).  Such 
environments  often  contain  indigenous  species  or  communities 
which  possess  some  or  most  of  the  qualities  and  activities  desired. 
In  heavily  tainted  environments,  pollutant  toxicity  may  preclude 
the  isolation  of  microorganisms  from  some  sampling  sites. 
Various  other  materials  such  as  sewage  sludge  from  municipal 
treatment  facilities,  sediments  from  polluted  aquatic 
environments,  and  even  manure  should  also  be  considered  as 
good  secondary  sources  of  inoculum.  Another  source  that  should 
be  considered  is  pure  or  mixed  cultures  of  degradative 
microorganisms  that  are  available  from  culture  collections  (e.g. 
American  Type  Culture  Collection,  Rockville,  MD.),  commercial 
suppliers  and  from  university  researchers.    Where  possible,  it  is 
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advantageous  to  begin  with  inocula  from  a  variety  of  sources 
(Aitken  and  Irvine,  1987). 

When  developing  a  suitable  seed  culture  for 
bioaugmentation,  regardless  of  the  approach  to  be  taken,  there 
are  a  number  of  physiological  properties  which  need  to  be 
considered  as  targets  for  possible  improvement.  Table  12 
presents  a  summary  of  those  traits  which  are  desirable  or  essential 
for  a  worthy  commercial  seed  preparation. 


1.  MICROBIAL  ENRICHMENT  AND  ACCLIMATIZATION 

Microbial  acclimatization  and  enrichment  are  techniques 
commonly  used  for  enhancing  biodegradative  activity  of  a  natural 
species  or  community  towards  a  particular  pollutant.  The  basis  of 
acclimatization,  which  is  essentially  an  adaptive  process,  has  been 
discussed  already  in  Section  ÎV.D.2.  The  enrichment  technique  is 
designed  to  be  selective  for  the  survival  of  microorganisms  with 
the  desired  characteristics  and/or  against  those  that  do  not.  This 
is  commonly  done  by  carefully  adjusting  the  cultural  conditions  so 
as  to  favour  the  growth  and  survival  of  the  desired 
microorganisms  (Schlegel  and  Jannasch,  1967;  Veldkamp,  1974). 

In  view  of  the  fact  that  mixed  microbial  cultures  are 
generally  more  effective  in  completely  mineralizing  xenobiotic 
substances  than  are  single  pure  cultures,  and  at  faster  rates  (see 
Section  IV.C.2.),  a  number  of  isolation  enrichment  techniques 
that  combine  isolation  and  acclimatization  have  been  developed 
for  obtaining  highly  active  microbial  communities  that  are 
degradative  for  specific  pollutants  (Slater  and  Lovatt,  1984).  To 
be  useful  for  full  scale  field  treatments,  it  is  critical  that  the 
enrichment  work  be  conducted  under  realistic  environmental 
conditions,  for  reasons  that  have  already  been  discussed  in 
Section  IV.D.  On  the  other  hand,  with  highly  toxic  waste 
materials,  these  may  have  to  receive  some  physicochemical 
pretreatment  in  the  early  stages  of  the  acclimatization  process, 
otherwise  nothing  may  grow.     Once  a  culture  can  be  stably 
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TABLE 12      • 

CHARACTERISTICS  OF  AN  IDEAL  COMMERCIAL  SEED 

CULTURE 


1.  Increased  expression/activity  of  degradative  pathways. 

2.  Increased  substrate  utilization  range. 

3.  Ability  of  seeded  microorganisms  to  successfully  compete/ 
establish  themselves  in  the  intended  ecosystem. 

4.  Tolerance  of  toxicants  in  the  intended  ecosystem. 

5.  Ease  of  handling  and  application. 

6.  Shelf  life  stability. 

7.  Non-pathogenic/free  of  risks. 

8.  Cost-effective  (low  dose  size  and  low  application 
frequency). 

9.  Readily  available  from  supplier. 
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maintained  on  the  pretreated  material,  one  may  be  able  to 
gradually  introduce  a  less  refined  material  into  the  bioreactor, 
untilhopefully,  pretreatment  may  no  longer  be  required.  This  will 
obviously  depend  on  the  complexity  and  toxicity  of  the  particular 
waste. 

The  literature  abounds  with  examples  of  cases  where 
enrichment  and  acclimatization  have  been  successfully  applied. 
The  recent  isolation  of  a  novel  chlorobenzoate-degrading 
community  by  Tiedje's  laboratory,  which  has  been  discussed  in 
Section  IV.C.l.,  provides  an  excellent  example.  In  another  study, 
40  PCP-mineralizing  strains  of  Flavobacterium  were  isolated  from 
a  number  of  PCP-contaminated  dump  sites  (Steiert  and  Crawford, 
1985).  Each  could  use  PCP  as  their  sole  carbon  and  energy  source 
and  was  tolerant  to  at  least  20  ppm  of  this  hazardous  pollutant. 

Bull  and  co-workers  (1979)  have  characterized  in  some 
detail  an  orcinol  (3,5-dihydroxytoluene)-mineralizing  community 
that  consists  of  three  bacterial  species:  Pseudomonas  stutzeri, 
which  is  the  primary  orcinol  utilizer,  and  two  secondary 
microorganisms  (Brevibacterium  linens  and  a  Curtobacterium  sp.), 
which  appeared  to  grow  on  metabolic  intermediates  (possibly 
acetate)  excreted  by  the  pseudomonad.  Orcinol  which  was  shown 
to  inhibit  the  growth  of  the  pseudomonad,  was  found  to  be  much 
less  toxic  for  the  community  as  a  whole. 

As  another  example,  Gunner  and  Zuckerman  (1968) 
characterized  another  two-membered  community,  which  was 
obtained  by  enrichment  of  a  natural  sample,  that  acted  in  concert 
to  synergistically  biodegrade  the  insecticide  Diazinon.  The 
community  consisted  of  an  Arthrobacter  sp.  and  a  Streptomyces  sp., 
neither  of  which  could  grow  alone  on  the  insecticide.  These 
studies  are  typical  of  the  type  of  work  that  has  been  carried  out 
using  standard  enrichment  and  acclimatization. 

A  number  of  suppliers  presently  are  selling  preparations  of 
natural  or  acclimatized  bacterial  seed  preparations  which  they 
claim  offer  superior  performance  for  certain  types  of  wastes 
including  greases,  phenols  or  even  "dioxin  herbicide"  (Johnson  et 
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aL,  1985,  Gasner,  1979).  The  names  of  some  of  these  suppliers 
include:  (a)  Diversified  Bacteria  Industries,  St.  Louis,  MO;  (b) 
Ecological  Laboratories,  Freeport,  NY;  (c)  Environmental 
Cultures,  Inglewood,  CA;  (d)  InterBio  Inc.,  Naperville,  EL;  (e) 
MicroBac  International,  Austin,  TX;  (f)  Polybac  Corp., 
Allentown,  PA;  (g)  Solmar  Corp.,  Orange  CA;  and  (h)  Sybron 
Biochemical,  Birmingham,  NJ. 

Frequently  the  claims  made  by  the  manufacturers  of  many 
of  these  microbial  preparations  appear  to  be  highly  exaggerated, 
unsubstantiated  and  scientifically  questionable.  In  their  extensive 
review  on  waste  treatment  biotechnology,  Johnston  and  Robinson 
(1984)  stated,  "Unambiguous  experimental  data  demonstrating 
the  effectiveness  of  these  products  in  normally  operating,  full 
scale  treatment  systems  having  an  active  resident  microflora  has 
not  been  found  in  the  refereed  scientific  literature.  A  body  of 
published  reports  exists  in  the  unrefereed  literature  that  purport 
the  effectiveness  of  other  products  ....  Analysis  of  the  data 
(provided  in  the  unrefereed  literature)  shows  either  that  the 
improvements  are  unsubstantiated  or  that  the  experimental 
controls  used  were  inadequate  to  clearly  demonstrate  whether  the 
changes  that  took  place  were  a  result  of  the  addition  of  the 
commercial  seed,  or  were  due  to  any  of  several  uncontrolled 
factors.  In  addition,  no  clear  description  of  the  original 
derivation  of  the  microbes  is  given  in  these  reports.  From  the 
information,  it  was  impossible  to  determine  whether  any  of  them 
were  beneficial,  detrimental  or  irrelevant  to  treatment." 

2.  CLASSICAL  MUTAGENESIS 

Classical  genetic  techniques  combining  induced  chemical  or 
physical  mutagenesis  with  conventional  enrichment  methods  have 
also  been  widely  used  to  improve  the  capacity  of  microorganisms 
to  biodegrade  specific  chemical  pollutants  (Johnston  and 
Robinson,  1984;  Johnson  et  aL,  1985).  During  the  course  of 
evolution,  spontaneous  mutagenesis  has  acted  to  modify  the 
structure  and  function  of  existing  genes,  permitting  the 
introduction  of  new  phenotypic  properties  in  a  population. 
Induced    mutagenesis    is    performed    in    the    laboratory    to 
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significantly  increase  the  rate  of  mutation  (by  several  orders  of 
magnitude)  over  that  for  spontaneous  mutation.  For  the  purpose 
of  developing  mutant  strains  having  superior  degradative 
attributes  for  xenobiotics,  the  very  low  rates  of  spontaneous 
mutation  (approximately  lO"1^  to  10"^  per  generation  and  per 
gene)  are  considered  to  be  much  too  low  to  be  of  any  practical  use 
(Aitken  and  Irvine,  1987). 

Mutations  can  act  in  a  number  of  ways  to  enhance  or 
improve  the  quality  of  the  seed  preparation.  Mutations  leading  to 
a  chemical  compositional  change  in  a  cell  surface  component,  for 
example,  might  benefit  a  degradative  microorganism  by  making  it 
more  tolerant  to  a  certain  toxicant  in  the  environment,  as  a  result 
of  altered  cellular  permeability  to  the  agent.  Alternatively,  the 
activity  of  a  degradative  enzyme  can  become  deregulated  (i.e. 
derepressed  or  constitutively  induced)  as  the  result  of  a  mutation, 
or  the  enzyme  itself  may  be  modified  in  such  a  way  that  it  has 
altered  specificity  enabling  it  to  bind  and  attack  previously 
unrecognized  pollutants  that  are  structurally  related  to  the 
enzyme's  natural  substrate. 

As  is  the  case  with  the  commercially  available  acclimatized 
enrichment  cultures,  suppliers  offer  a  number  of  preparations 
based  on  the  use  of  "mutant  bacteria".  Again,  the  effectiveness  of 
a  number  of  these  products  is  unsubstantiated  for  the  same 
reasons  that  have  been  discussed  in  the  previous  section.  Sybron 
Biochemical  (Birmingham,  NJ)  and  Polybac  Corp.  (Allentown, 
PA)  both  claim  to  have  developed  a  variety  of  such  cultures.  One 
of  Sybron's  patented  lignin-degrading  mutant  cultures  has 
recently  undergone  a  field  trial  at  Grande  Prairie,  Alberta,  for  the 
decolourization  of  a  pulp  mill  effluent  (Dogherty,  1982).  Another 
appears  to  have  been  successfully  employed  for  the 
biodégradation  of  cyanide  residues  from  a  coking  operation  (cited 
by  McCormick,  1985). 
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3.  PLASMID-ASSISTED  BREEDING 

One  of  the  most  exciting  recent  developments  in  the  field 
has  been  the  introduction  by  Chakrabarty's  laboratory  of  a 
technique  known  as  plasmid -assisted  breeding  (Kellogg  et  aL, 
1981).  Plasmids  are  small,  circular  pieces  of  extrachromosomal 
DNA  which  are  present  in  many  different  types  of  bacteria.  In 
their  extrachromosomal  state,  these  genetic  elements  are  able  to 
reproduce  autonomous  of  the  chromosome,  and  they  can  be 
rapidly  transmitted  between  different  strains  and  even  species  of 
bacteria.  Many  plasmids  have  been  found  to  genetically  encode 
for  a  variety  of  physiological  properties  which  can  benefit  the  host 
microorganism,  although  seldom  are  these  functions  essential  for 
growth.  Some  of  these  properties  include  mediation  of  bacterial 
conjugation  (sex  factor),  conferring  antibiotic  resistance  (e.g. 
penicillinase  synthesis),  and  synthesis  of  antibiotic-like 
bacteriocidal  substances  (colicins),  bacterial  attachment 
appendages  (fimbriae)  or  enterotoxin  (bacterial  toxin  causing 
diarrhea)  (Lewin,  1977;  Stanier  et  ai,  1976;  Brock  et  al.,  1984). 

Plasmid -assisted  breeding  has  been  successfully  used  to 
genetically  enhance  the  biodegradative  capacities  of  certain 
bacteria,  by  creating  novel  strains  possessing  entirely  new 
biodegradative  catabolic  pathways  for  specific  pollutants.  The 
method,  which  is  extremely  powerful,  involves  microbial  cross- 
breeding (i.e.  natural  interspecies  transfer  of  genetic  material 
(plasmids)  and  in  vivo  recombination),  and  microbial  selection, 
enrichment  and  acclimatization  all  in  one  bioreactor.  Although 
entirely  new  types  of  catabolic  pathways  may  be  generated,  the 
method  involves  no  recombinant  DNA  technology  (i.e.  artificial  in 
vitro  DNA  manipulations,  otherwise  known  as  genetic 
engineering).  As  such,  strains  created  in  this  manner  should  pose 
much  less  concern  as  far  as  meeting  regulations  governing  their 
environmental  release. 

Of  relevance  to  the  present  discussion  is  another  common 
class  known  as  "degradative  plasmids".  These  types  of  plasmids 
have  been  shown  to  carry  a  variety  of  genes  that  encode  for 
enzymes  which  are  involved  in  the  catabolism  of  a  number  of 
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industrial  organic  pollutants  and  toxic  metals.  Table  13  lists  a 
number  of  examples  that  have  been  reported  for  hydrocarbon 
catabolism.  Such  plasmids  are  frequently  found  in  the 
pseudomonads,  a  group  of  saprophytic  degradative  bacteria  which 
are  widespread  in  nature,  and  which  have  been  shown  to  play  a 
dominant  role  in  biological  waste  treatment. 

Chakrabarty's  plasmid-assisted  breeding  is  based  on  the 
understanding  that  plasmids  (including  degradative  plasmids) 
appear  to  evolve  in  nature  by  recruitment  of  various  genes  from 
other  plasmids.  In  plasmid-assisted  breeding,  the  evolution  of 
new  degradative  plasmids  is  greatly  expediated  in  the  laboratory 
using  strong  selective  conditions  along  with  a  carefully  selected 
microbial  seed  of  degradative  plasmid-containing  microorganisms 
(Kellogg  et  al.,  1981).  The  method  was  originally  used  to  breed 
microorganisms  capable  of  utilizing  2,4,5-T  as  sole  source  of 
carbon.  To  achieve  this,  they  seeded  a  continuous  fermentor 
(chemostat)  with  microorganisms  isolated  from  various  waste- 
dumping  sites  along  with  a  variety  of  known  degradative  plasmid- 
harbouring  microorganisms.  The  fermentation  medium  contained 
a  low  starting  concentration  of  2,4,5-T  and  a  higher  concentration 
of  plasmid  substrates  (i.e.  toluate,  salicylate,  etc.),  to  maintain 
selective  pressure  for  plasmid  retention  in  the  system. 

Over  the  course  of  the  next  ten  months,  the  2,4,5-T 
concentration  was  gradually  increased.  The  eventual  outcome 
was  the  appearance  of  a  2,4,5 -T-mineralizing  consortium  which 
consisted  of  several  different  microorganisms.  By  continued 
subculturing  in  the  presence  of  this  toxic  herbicide,  Chakrabarty's 
group  eventually  succeeded  in  breeding  a  single  microbial  strain 
{Pseudomonas  cepacia  AC1100)  capable  of  utilizing  2,4,5-T  as  a 
sole  carbon  and  energy  source  (Kilbane  et  al.,  1982). 

The  method  is  thus  extremely  powerful  and  it  has  been  used 
successfully  by  a  number  of  other  investigators  for  a  variety  of 
other  recalcitrant  hazardous  pollutants. 
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TABLE13 

LIST  OF  SOME  PLASMIDS  ENCODING  HYDROCARBON 

BIODEGRADATION 


HYDROCARBON/PLASMID 


REFERENCE 


Camphor/CAM 

Octane/OCT 

Naphthalene/NAH 

Salicylate/SAL 

Toluene,  Xylenes/TOL 

3-Chlorobenzoate 

Chlorinated  biphenyls 

2,4-Dichlorophenoxyacetic 
Acid  (2,4-D) 

S-Ethyl-N,  N-Dipropylthio- 
carbamate 

C  Orange  II  (Azo  dye) 

6-Aminohexanoic  cyclic  dimer 

Crude  Oil 


Rheinwaid  et  al.,  1973 

Chakrabarty  et  al.,  1973 

Dunn  et  al.,  1980 

Chakrabarty,  1972 

Worsey  and  Williams,  1975 

Chatterjee  et  al.,  1981 

Furukawa  and  Chakrabarty, 
1982;  Shields  et  al.,  1985 

Fisher  et  al.,  1978 

Tarn  et  al.,  1987 

Kulla  era/.,  1984 
Negoro  et  al.,  1980 
Rusansky  et  al.,  1987 
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4.  GENETIC  ENGINEERING 

Recent  developments  in  recombinant  DNA  technology 
have  given  rise  to  a  range  of  very  powerful  new  tools  to  assist 
researchers  in  the  development  of  novel  degradative  bacteria 
carrying  entirely  new  catabolic  pathways  for  xenobiotic 
substances.  For  very  complex,  recalcitrant  compounds,  where  ten 
or  more  microbial  enzymes  may  be  required  to  effect  their 
mineralization,  it  is  felt  that  genetic  engineering  may  be  the  only 
realistic  approach  for  strain  development  (Johnston  and 
Robinson,  1984;  Roberts,  1987). 

Genetic  engineering  is  based  on  in  vitro  gene 
recombination,  that  is,  the  joining  together  in  the  laboratory  of 
different  gene-bearing  DNA  fragments  which  may  be  derived 
from  one  or  more  species.  The  rearranged  genes  are  then 
returned  into  a  suitable  host  microorganism.  In  this  manner, 
entirely  new  types  of  genetically-determined  functions  can  be 
incorporated  into  cells.  Using  these  procedures,  microbiologists 
have  demonstrated  that  it  is  possible  to  engineer  new  degradative 
pathways  in  microorganisms,  by  modifying  an  existing  pathway, 
by  assembling  an  entirely  new  one,  or  by  commandeering  and 
linking  together  catabolic  genes  obtainable  from  different 
indigenous  microorganisms  (Roberts,  1987).  These  methods  take 
advantage  of  the  tremendous  genetic  diversity  among 
microorganisms  in  nature. 

Although  this  new  approach  is  extremely  exciting  and 
promising,  it  has  not  as  yet  made  a  significant  impact  in  solving 
real  world  pollution  or  waste  management  problems.  The  few 
genetically  engineered  degradative  microorganisms  (GEM's)  that 
have  so  far  been  developed,  including  Chakrabarty's  highly 
publicized  oil-degrading  "superbug"  (Chakrabarty,  1974),  have  not 
been  particularly  effective  in  the  field.  It  is  clear  that  the 
functioning  and  survival  of  GEM's  in  natural  environments  will  be 
subject  to  all  of  the  different  physical,  chemical  and  biological 
forces  that  affect  indigenous  microorganisms  (Section  IV.B.l.). 
Until  there  is  a  better  understanding  of  how  these  factors  will 
affect   GEM's   in   the   wild,   GEM's  will   probably   remain   a 
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laboratory  curiosity.  It  is  therefore  likely  that  it  will  be  some  years 
before  there  is  a  practical  application,  both  for  the  technical 
problems  which  remain  to  be  resolved,  and  for  regulatory  reasons. 
The  release  and  fate  of  GEM's  in  nature  has  been  a  controversial 
topic  which  has  sparked  much  debate  amongst  both  the  lay  public 
and  experts  in  the  field.  This  has  led  to  government  passage  of 
stringent  regulations,  recommendations  and  guidelines  on  the 
proper  handling  and  disposal  of  such  genetically  altered  strains 
and  their  DNA.  In  Canada,  a  proposal  to  regulate  biotechnology 
products  under  Bill  C-74  of  the  Canadian  Environment 
Protection  Act  is  now  in  circulation  (Environment  Canada,  1988). 
Interested  parties  have  been  asked  to  respond  to  the  draft 
regulations  in  the  proposal  by  March  1, 1988. 


5.  APPLICATION  GUIDELINES 

Significant  progress  has  been  made  over  the  past  fifteen 
years  in  the  development  of  microorganisms  which  exhibit 
enhanced  biodegradative  abilities  towards  specific  pollutants.  The 
challenge  now  is  to  successfully  move  the  technology  out  of  the 
laboratory  and  into  the  field.  As  was  seen  in  Table  12,  to  be 
effective  in  the  field,  a  seed  microorganism  or  mixture  of  seed 
microorganisms  will  have  to  display  a  range  of  physiological 
properties.  The  capacity  to  degrade  a  particular  pollutant  in  a 
bioreactor  or  field  situation  will  be  of  limited  benefit  if  the 
microorganism(s)  is/are  susceptible  to  the  toxic  effects  of  other 
pollutants  that  might  also  be  present  in  the  waste.  With  most 
hazardous  wastes  such  as  industrial  landfill  leachates,  complexity 
and  high  toxicity  are  often  the  norm  (Table  1)  (Johnston  and 
Robinson,  1984;  Barker  et  al,  1987;  Roberts,  1987). 

Furthermore,  in  all  real  world  treatment  situations,  the  seed 
microorganisms  will  have  to  be  able  to  successfully  compete  with 
the  natural  indigenous  microflora  for  the  available  nutrients, 
attachment  sites,  space,  etc.  if  they  are  to  establish  themselves  and 
proliferate,  and  effectively  catalyze  the  desired  transformations 
(Johnston  and  Robinson,  1984;  A-  Bourquin,  pens,  commmun.). 
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As  has  been  stressed  throughout  this  report,  this  will  be 
dependent  on  how  well  the  bacteria  in  the  seed  preparation  can 
cope  with  the  physicochemical  and  biological  parameters  imposed 
by  each  waste  treatment  problem.  The  evidence  that  exists 
suggests  that  we  are  still  a  long  way  from  achieving  this  objective. 
As  a  result,  where  commercial  seed  cultures  have  been  shown  to 
be  effective,  continued  performance  will  almost  always  require 
that  these  preparations  be  readministered  to  the  treatment  system 
on  a  repeated  basis,  to  maintain  the  desired  level  of  activity 
(Johnson  et  al.,  1985).  This  is  in  sharp  contrast  to  the  more 
economically  desirable  "one  shot"  starter  culture  approach. 

For  in  situ  treatments  of  hazardous  waste  landfills,  this 
problem  is  magnified  since  very  few  of  these  parameters  can  be 
controlled  and  because  of  variation  in  site  geology  (soil  structure 
and  composition,  hydrology,  etc.).  The  most  important  constraint 
on  biodégradation  in  soils  is  thought  to  be  the  inaccessibility  of 
the  pollutants  to  the  microorganisms,  as  a  result  of  adsorption  and 
other  abiotic  factors  that  were  discussed  earlier.  Furthermore,  the 
conditions  in  such  environments  are  often  extreme  for 
microorganisms,  being  highly  toxic  due  to  the  presence  of  high 
concentrations  of  toxic  metals  and  halogenated  compounds  and 
having  an  unusually  low  water  activity  (Johnston  and  Robinson, 
1984).  What  works  well  on  one  particular  waste  may  therefore 
not  work  so  well  on  a  similar  waste  at  a  different  treatment  site. 
With  above-the-ground  treatment,  the  problem  may  be  somewhat 
less  severe,  as  operators  can  control  and  optimize  many  of  the 
critical  physicochemical  factors.  Variability  in  the  xenobiotic 
composition  of  the  wastes,  however,  will  always  be  a  significant 
factor  limiting  universal  applications  of  any  specifically  developed 
microbial  preparation. 

The  solution  to  such  complex  problems  may  lie  in  the 
development  of  large  libraries  of  biodegradative  microorganisms 
from  which  individual  types  could  be  mixed  and  matched  to  suit  a 
particular  waste  problem  (McCormick,  1985).  Until  much  more  is 
learned  about  the  ecological  aspects  of  biological  waste  treatment, 
this  desire  will  not  be  realized.  Furthermore,  it  is  clear  that  the 
libraries  will  probably  have  to  be  quite  large,  since  bacteria 
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capable  of  degrading  one  member  of  a  class  of  xenobiotic 
substances  (e.g.  PCB's,  toxaphenes  or  halobenzoates)  are  often 
unable  to  biodegrade  another.  For  example,  with  benzoic,  p- 
hydroxybenzoic  and  salicylic  acids,  which  differ  only  in  a  single 
hydroxyl  substitution,  biodégradation  of  each  is  mediated  by 
different  strains  using  distinct  catabolic  pathways  (Johnston  and 
Robinson,  1984). 
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V.  REVIEW  OF  BIOLOGICAL  TREATMENT 
PROCESSES  FOR  HAZARDOUS  LANDFILL 

LEACHATES 


Currently  many  waste-generating  industries  and  landfill 
sites  adopt  costly  conventional  physicochemical  technologies  such 
as  chemical  precipitation,  activated  carbon,  air  stripping,  and 
incineration  to  treat  hazardous  organics  in  wastes  (see  Section 
III).  Successful  applications  of  biological  treatment  processes, 
probably  in  conjunction  with  some  of  these  technologies,  are 
likely  to  reduce  markedly  both  the  costs  of  treating  hazardous 
wastes  and  the  amount  of  toxic  trace  contaminants  in  the  wastes. 
Biological  treatment  is  considered  the  most  promising  of 
hazardous  leachate  remediation  technologies. 

The  major  objectives  of  biological  treatment  as  pointed  out 
by  Aitken  and  Irvine  (1987)  are  as  follows: 

(1)  Reduction  of  a  substantial  fraction  of  the  organic  load, 
to  a  point  where  overall  treatment  costs  are  reduced, 
minimizing  the  need  for  more  expensive  treatment 
such  as  activated  carbon. 

(2)  Removal  of  target  compounds  to  specified  levels,  e.g. 
for  wastes  containing  low  percentages  of  xenobiotics, 
the  objective  is  the  removal  of  these  compounds. 

(3)  Attainment  of  a  final  toxicity,  standard.  The  major 
objectives  are  to  reduce  the  concentration  of  priority 
pollutants  in  the  waste  to  meet  the  allowable  standards 
set  by  the  regulatory  agencies  such  as  the  MOE,  as  well 
as  the  reduction  of  surrogate  parameters  such  as  BOD 
and  COD  to  acceptable  levels.  A  ratio  of  BOD  to 
COD  will  indicate  whether  the  leachate  is 
biodegradable  (if  less  than  1.0)  or  not. 
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The  factors  affecting  biological  treatment  and  the  need  for 
feasibility  testing  have  been  described  in  the  previous  section. 

There  are  numerous  biological  treatment  systems  which 
differ  in  system  design  (e.g.  rotating  biological  contactors  (RBC), 
sequencing  batch  reactors  (SBR),  and  upflow  anaerobic  sludge 
blanket  (UASB))  and  operating  principle  (e.g.  aerobic  vs. 
anaerobic).  Biological  treatment  may  take  place  in  an  open  or 
closed  system  or  in  situ  (i.e.  right  in  the  ground).  The  advantages 
and  disadvantages  of  each  type  of  system  will  be  discussed,  as  well 
as  factors  or  guidelines  governing  the  selection  of  the  best  process 
for  a  particular  waste  treatment  problem.  The  rationale  for  the 
choice  of  biological  vs.  non-biological  treatments  or  a  hybrid  of 
these,  has  been  recently  reviewed  (Shuckrow  et  al,  1982).  Case 
studies  of  selected  bioreactors  as  used  for  the  treatment  of 
industrial  pollutants  will  be  included.  In  evaluating  this  data,  it 
should  be  borne  in  mind  that  most  of  the  information  presented 
and  claims  made  have  been  supplied  by  the  manufacturers  of  the 
treatment  processes  described  and  not  from  the  refeered  scientific 
literature. 


A.  AEROBIC  BIOLOGICAL  TREATMENT 
PROCESSES 

In  aerobic  microbiological  processes  oxygen-consuming 
bacteria  metabolize  dissolved  organic  compounds  and  convert 
them  into  carbon  dioxide  and  settleable  solids  (i.e.  microbial 
biomass).  For  an  aerobic  process,  the  rate  at  which 
biodégradation  occurs  is  often  limited  by  the  rate  at  which  oxygen 
can  be  dissolved  in  the  wastewater.  The  oxygen  transfer  rate  is 
often  the  critical  parameter  limiting  the  operation  of  aerobic 
waste  treatment  systems.  Oxygen  transfer  to  such  systems  can  be 
increased  by  a  number  of  mechanisms  including:  pumping  pure 
oxygen  instead  of  air  into  the  system,  altering  the  temperature, 
providing  mechanical  agitation,  adding  hydrogen  peroxide  to  the 
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culture,  or  by  increasing   the  hydrostatic  or  the  back  pressure  of 
the  system. 


the  system 


1.  AERATION  LAGOONS 


a)  Process  Description 

Biological  oxidation  of  organic  wastes  such  as  domestic 
sewage  and  some  industrial  wastes  has  been  traditionally  carried 
out  under  aerobic  conditions  in  open  shallow  lagoons  or  aerated 
ponds  (Green  and  Kramer,  1979;  Scott,  1982;  Barber,  1983).  For 
example,  Artiola-Fortuny  and  Fuller  (1978)  demonstrated  that 
leachate  aeration  effectively  lowered  the  concentration  of  "total" 
natural  phenols  from  3400  ppb  to  540  ppb  in  15  days. 

In  high -rate  aeration  lagoons,  oxygen  availability,  which  is  a 
diffusion -limited  process,  is  the  key  operating  parameter.  As 
such,  relatively  long  treatment  times  are  required  for  efficient 
BOD  removal.  The  hydraulic  retention  time  (HRT)  is  an 
important  process  parameter  which  describes  the  average  length 
of  time  that  the  wastewater  is  kept  in  a  treatment  tank  or  process. 
The  dissolved  oxygen  concentration  in  such  systems  will  be  subject 
to  many  variables  including  climatic  factors  such  as  wind  and 
temperature  (the  latter  affects  oxygen  solubility),  organic  loading, 
and  the  design  of  the  lagoon.  Since  oxygen  transfer  is  dependent 
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on  natural  aeration  (wind,  temperature,  etc.)  and  on 
photosynthesis  (sunlight,  wastewater  clarity,  temperature,  etc.),  a 
properly  designed  aeration  lagoon  must  be  shallow  (0.3-0.47  m) 
and  have  a  high  surface  to  volume  ratio  (Green  and  Kramer, 
1979).  Under  conditions  of  heavy  organic  loading,  such  lagoons 
may  become  anaerobic  due  to  the  increased  biological  oxygen 
consumption. 

A  variation  of  such  lagoons  are  the  mechanically  aerated 
lagoons  or  ponds  which  rely  on  mechanical  aerators  to  supply  the 
system  with  increased  atmospheric  oxygen.  There  are  many 
different  types  of  mechanical  aerators  available,  ranging  from 
floating  aerators  which  spray  the  liquid  through  the  air,  to  forced 
aeration  through  underwater  pipes  or  spargers.  The  net  result  is 
to  provide  thé  waste  treatment  with  increased  dissolved  oxygen 
for  enhanced  biological  oxidation  of  organic  wastes. 


b)  Advantages  and  Disadvantages 

High-rate  aeration  lagoons  are  relatively  inexpensive  to 
construct  and  operate,  but  tend  to  require  large  amounts  of  flat 
land,  especially  where  large  organic  loadings  are  to  be  treated. 
They  are  therefore  not  well  suited  where  land  availability  is  at  a 
premium.  Furthermore,  they  are  subject  to  seasonal  climatic 
conditions  which  may  make  them  unsuitable  for  the  Canadian 
climate.  Shock  organic  loadings  can  result  in  odour  problems 
associated  with  anaerobic  conditions,  depending  upon  the 
composition  of  the  wastewater. 

In  comparison  to  high -rate  aeration  systems,  mechanically 
aerated  lagoons  can  handle  much  higher  organic  loadings,  have 
much  faster  through-puts  (i.e  shorter  treatment  times  /  lower 
HRT)  and  require  much  less  land. 

Problems  associated  with  the  operation  of  high-rate 
aeration  and  mechanically  aerated  lagoons  have  been  reviewed 
elsewhere  (Green  and  Kramer,  1979). 
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c)  Case  Studies 


i.  E.  B.  Eddy  Forest  Products  Ltd.,  Espanola,  Ont  (Mechanically 
Aerated  Lagoon) 

Aerobic  lagoons  have  been  used  successfully  for  the 
detoxification  of  some  industrial  pollutants.  An  example 
pertaining  to  the  treatment  of  toxic  pulp  and  paper  wastes  in 
Ontario  is  the  mechanically  aerated  lagoon  system  of  E.  B.  Eddy 
Forest  Product  Ltd.  (Cook  and  Chandrasekaran,  1986).  The  plant 
converts  approximately  4000  tons  of  wood  chips  a  day  to  1000  tons 
of  kraft  pulp.  Approximately  16,000  USGPM  of  toxic  effluent 
(containing  chlorinated  lignin  breakdown  products  and  resin 
acids)  are  sent  to  the  E.  B.  Eddy  waste  treatment  facility  for 
detoxification  and  BOD  reduction. 

This  treatment  system  has  been  operating  successfully  for 
several  years.  Solids  (primarily  cellulosic  fines)  in  the  kraft 
effluent  are  first  removed  in  one  of  two  19  million  USG  settling 
basins.  The  second  settling  basin  serves  as  a  spare.  The  clarified 
effluent  is  then  sent  to  a  two  cell  aeration  lagoon  equipped  with 
over  22  mechanical  aerators.  The  fibre-free  effluent  remains  in 
the  lagoon  for  6.5  to  8.5  days,  during  which  time  aerobic 
fermentation  occurs  to  detoxify  the  pollutants  and  lower  the  BOD 
levels  to  acceptible  levels  for  discharge  into  the  environment. 
From  the  aerobic  basin,  the  treated  effluent  is  sent  to  a  quiescent 
basin  with  a  12  hour  retention  time  for  final  polishing;  then  it  is 
piped  to  the  Spanish  River.  The  entire  system  is  lined  with  a  PVC 
liner  to  prevent  untreated  effluent  from  escaping  into  the 
groundwater.  In  addition,  a  six  million  USG  emergency  spill 
basin  has  been  constructed  as  an  added  precaution. 

The  efficiency  of  the  system  and  the  quality  of  the  treated 
effluent  is  monitored  closely. for  pH,  conductivity,  fish  toxicity 
(LC50  trout   minnow  test),   BOD,  TOC  and   other  physical, 
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chemical  and  aesthetic  paramenters.  According  to  an  extensive 
published  study  in  the  scientific  literature  (Cook  and 
Chandrasekaran,  1986),  the  quality  of  the  E.  B.  Eddy  effluent  is 
within  the  original  design  requirements,  having  a  BOD  of  below  4 
tons/day  and  being  non-toxic  to  fish.  Since  start-up  of  the  system 
in  1983,  there  have  been  a  number  of  significant  measureable 
improvements  in  the  river,  particularly  in  terms  of  dissolved 
oxygen,  benthic  life  forms  and  quality  and  quantity  of  sport  fish. 
The  complete  analytical  details  are  presented  in  the  original 
reference. 


ii.  BioTrol  Inc.  (Aerated  Bioreactor) 

A  new  Minnesota-based  company,  BioTrol  Inc.,  is 
developing  and  marketing  a  soil/water  detoxification  process 
based  upon  the  use  of  pentachlorophenol  (PCP)-degrading 
bacteria  (Steiert  and  Crawford,  1985).  In  this  process, 
pentachlorophenol  (one  of  the  most  recalcitrant  chlorophenolic 
compounds)  leached  from  a  highly-contaminated  dump  soil,  is 
decontaminated  by  inoculation  with  PCP-degrading  bacteria 
(Flavobacterium  strains).  Decontaminated  leachate  is  circulated 
back  through  the  soil  to  pick  up  still  more  of  the  toxic  chemical 
for  decontamination.  Scale-up  processes  are  in  the  planning 
stages  to  learn  more  about  the  technology. 


2.  CONTINUOUS  FLOW  ACTIVATED  SLUDGE  PROCESS 

a)  Process  Description 

Wastewater  treatment  in  the  western  world  has  traditionally 
been  dominated  by  the  activated  sludge  process.  Numerous 
applications  for  the  treatment  of  both  municipal  and  industrial 
wastes  have  been  reproted  in  the  scientific  literature  (Lesperance, 
1962;  Bartsch  and  Randall,  1971;  Jones,  1976;  Irvine  et  aL,  1983; 
Roemhild  and  Ellis,  1984;  Hill,  1984).    In  the  activated  sludge 
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process  a  mixture  of  wastewater  and  activated  sludge  is  agitated 
and  aerated.  Flocculent  (clumped)  bacteria  are  produced  in  an 
aerobic  bioreactor  and  fed  continuously  with  a  wastewater  stream 
containing  pollutants  and  required  nutrients.  In  sewage  many 
growth  substrates  (i.e.  nutrients)  including  organic  compounds, 
and  nitrogen-  and  phosphate-rich  substances  are  present  in  the 
wastewater  to  support  bacterial  growth  for  the  activated  sludge 
treatment  process.  The  dense  microbial  biomass  formed  is  then 
separated  from  the  treated  waste  in  a  gravity  settler  (i.e.  clarifier), 
and  recycled  back  to  the  bioreactor.  In  this  way,  high  microbial 
biomass  levels  (and  catabolic  activities)  can  be  retained  in  the 
main  treatment  system.  A  small  portion  of  the  activated  sludge  is 
lost  during  the  "draw"  step  of  the  treated  wastewater,  but  the 
majority  of  the  sludge  is  recycled  to  the  inlet  of  the  reactor. 

This  process  was  originally  developed  to  provide  high  rates 
and  high  efficiencies  of  sewage  conversion.  The  conventional 
activated  sludge  process  is  based  on  an  aeration  period  of 
between  4  and  8  hours  and  a  return  sludge  rate  of  25  to  40%  of 
the  incoming  waste  flow.  At  present,  the  continuous-flow 
activated  sludge  process  is  considered  the  best  method  of 
municipal  treatment. 

The  term  "activated  sludge"  was  coined  by  Arden  and 
Lockett  in  1914,  to  designate  a  highly  active,  acclimatized 
microbial  biomass.  These  workers  were  the  first  to  develop  this 
process  (Arden  and  Lockett,  1914).  They  showed  that  the  batch 
aeration  period  to  achieve  nitrification  (the  oxidation  of  organic 
and  ammoniacal  nitrogen  to  nitrate)  could  be  reduced  from  5 
weeks  to  9  hours  if  the  sludge  that  accumulated  from  each  batch 
was  retained  in  the  flask  after  decanting  the  nitrified  liquid.  Since 
the  pioneering  work  of  Wooldridge  and  Standfast  in  the  1930's, 
which  showed  that  the  removal  of  BOD  from  sewage  was 
mediated  by  bacterial  enzymes,  the  biological  nature  of  the 
process  has  been  generally  accepted  (Wooldridge  and  Standfast, 
1933).  The  activated  sludge  treatment  of  wastewater  is  achieved 
by  bringing  the  waste  into  contact  with  suitable  microorganisms 
for  a  sufficient  period  of  time  to  allow  the  microorganisms  to 
metabolize  the  polluting  constituents  to  the  required  extent. 
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Activated  sludge  consists  of  a  complex  mixture  of 
microorganisms  including  a  wide  variety  of  bacteria  and  larger 
microorganisms  such  as  protozoa,  crustaceans  and  rotifers.  The 
bacteria  in  an  activated  sludge  plant  are  either  "aerobic"  (utilize 
oxygen  during  the  consumption  of  organic  matter),  or  "facultative" 
(can  survive  in  the  presence  or  absence  of  oxygen),  but  not 
"anaerobic"  (cannot  survive  in  the  presence  of  oxygen).  Full 
treatment  of  sewage  requires  the  presence  of  both  heterotrophic 
and  autotrophic  bacteria.  Heterotrophic  bacteria  are  those  which 
use  organic  carbon  compounds  as  carbon  and  energy  sources. 
Autotrophic  bacteria  use  carbon  dioxide  as  their  sole  source  of 
carbon.  Nitrification  (the  transformation  of  ammoniacal  nitrogen 
to  nitrate)  is  mediated  by  certain  autotrophs  (Nitrosomonas  and 
Nitrobactor).  This  process  is  often  the  limiting  factor  in  achieving 
full  oxidation  of  sewage  (Bartow  and  Randall,  1916). 

It  may  be  noted  that  Wooldridge  and  Standfast  (1933)  were 
among  the  first  to  recognize  that  the  population  of  bacteria  in 
activated  sludge  was  predominantly  moribund.  Some  of  the 
activity  of  the  activated  sludge  could  be  contributed  by  the 
biochemical  activity  retained  by  the  non-viable  bacteria. 
However,  recent  microbiological  work  on  activated  sludge  has 
been  concerned  almost  exclusively  with  the  numbers  and  activities 
of  viable  bacteria,  as  the  emphasis  on  the  biological  activity  has 
been  concentrated  on  identification  and  classification  of 
catabolically  active  sludge  bacteria  by  microbiologists  in  search  of 
a  "superbugs". 

During  process  startup  with  a  sewage  seed  inoculum,  the 
composition  of  the  microbial  community  changes  in  character 
from  one  having  a  non-proteolytic  character  (i.e.  consumers  of 
non-proteinaceous  substrates  like  carbohydrates  and  fats),  which 
is  typical  of  microorganisms  found  in  raw  sewage,  to  one  that  is 
predominantly  proteolytic  (protein-consuming)  in  fully  developed 
activated  sludge  (Allen,  1944).  The  majority  of  the  bacteria  found 
in  activated  sludge  were  gram-negative  bacteria  (those  from  which 
the  dye  crystal  violet  can  be  removed  by  washing  with  ethanol). 
These  are  members  of  the  genera  Achromobacterium, 
Chromobacterium,  and  Pseudomonas.     In  addition  to  bacteria, 
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activated  sludge  systems  usually  contain  three  major  groups  of 
protozoa:  ciliates,  flagellates,  and  amoebae. 

The  ciliated  protozoa  are  the  most  abundant  protozoa, 
making  up  about  5%  of  the  dry  weight  of  the  suspended  solids  in 
the  aeration  tank.  It  has  been  suggested  that  prédation  by  the 
protozoa  on  the  population  of  bacteria  in  activated  sludge  would 
be  the  major  factor  in  the  clarification  of  sewage  effluents  (Curds 
and  Cockburn,  1971). 

A  general  scheme  for  an  activated  sludge  treatment  process 
is  shown  in  Figure  5.  The  rate  at  which  the  microbial  sludge  is 
removed  from  the  system  is  one  of  the  key  parameters  in  the 
control  of  activated  sludge.  With  a  knowledge  of  both  the 
dynamic  behaviour  of  the  activated  sludge  process  and  the  growth 
kinetics  of  bacteria,  the  optimal  conditions  necessary  to  achieve 
full  biodégradation  of  sewage  effluents  can  then  be  categorized 
(Monod,  1942;  Downing  et  ai,  1964,  Downing  1967;  Jones,  1973; 
Jones,  1975). 

The  overall  rate  of  purification  of  the  wastewater  entering 
an  active  sludge  system  can  be  increased  by  increasing  the 
concentration  of  biomass  in  contact  with  the  wastewater  through 
processes  of  settling  and  recycling.  A  linear  relationship  between 
the  reciprocals  of  sludge  yield  and  specific  growth  rate,  which  is 
identical  to  that  found  for  pure  cultures  of  bacteria,  has  been 
confirmed  experimentally  in  laboratory  scale  activated  sludge 
systems  (Middlebrooks  and  Garland,  1968;  Sherrard  and 
Schroeder,  1972). 


b)  Advantages  and  Disadvantages 

The  chief  advantages  of  an  activated  sludge  process  are: 
ease  of  operation,  simplicity  of  design  and  less  land  space 
requirement  compared  to  the  high-rate  aeration  lagoon  treatment 
process.  Capital  costs,  operation  and  maintenance  requirements 
are  also  less  for  activated  sludge  processes.   The  capital  costs  of 
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FIGURE  5 

SCHEMATIC  FLOW  DIAGRAM  OF  THE  CONVENTIONAL 

ACTIVATED  SLUDGE  PROCESS3 
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aSource:  McArdle,  et  al.t  1987. 
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activated  sludge  to  treat  flows  of  25  to  100  gal/min  range  from 
$(US)  184,000  to  $364,000;  the  aeration  basin  accounts  for  about 
28%  of  the  capital  outlay,  and  the  clarifier,  30%.  The  annual 
operational  and  management  costs  range  from  $18,000  to  $47,000 
(McArdle  et  aL,  1987).  Further  studies  and  modification  of 
principle  and  design  of  activated  sludge  process  have  led  to  the 
development  of  more  advanced  treatment  designs,  such  as  the 
trickling  filter,  and  rotating  biological  contactor  described  also  in 
this  section. 

As  was  discussed  in  Section  HLF.,  sludge  produced  in 
biological  waste  treatment  may  be  a  hazardous  waste  itself  due  to 
the  sorption  and  concentration  of  toxic  substances  contained  in 
the  wastewater.  The  quantity  of  biological  sludge  produced  is 
normally  governed  by  the  HRT  and  sludge  age.  However, 
extended  aeration  minimizes  sludge  production.  An  additional 
potential  problem  associated  with  aerated  systems  is  the  gradual 
but  continuous  stripping  of  volatile  compounds  giving  rise  to  air 
pollution  and  personnel  safety  problems.  It  is  doubtful  that 
activated  sludge  treatment  alone  will  suffice  to  meet  discharge 
objectives  in  all  instances,  especially  with  recalcitrant  xenobiotic 
pollutants. 


c)  Case  Studies 

Many  of  the  industrial  organic  chemicals  that  are  listed  in 
Table  6  have  been  shown  to  be  biodegradable  by  the  activated 
sludge  process  (EPA,  1980).  Some  of  these  include  2,4- 
dinitrotoluene,  ethylbenzene,  benzoic  acid,  m-nitrotoluene,  1,1,2- 
trichloroethane,  2-chlorophenol,  m-,  p-  and  o-creosols,  and 
naphthalene.  Each  showed  significant  biodégradation  (>90% 
reduction)  in  diverse  activated  sludge  studies.  For  details,  the 
reader  should  consult  the  original  references  cited  in  the  EPA 
report. 
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i.  Falls  Township,  PA  (Activated  Sludge) 

A  full  scale  facility  in  Falls  Township,  Pennsylvania  was 
used  to  investigate  the  effectiveness  of  alternative  treatments  of 
landfill  leachates  employing  chemical/physical  and  biological 
processes  (Applied  Technology  Associates,  1977).  A  380  litre  per 
minute  plant  was  constructed  to  treat  leachate  from  the  Grows 
landfill. 

The  results  of  the  1977  field  trial  demonstrated  the  high 
level  of  treatment  efficiency  attainable  with  the  system 
(chemical/physical  pre-treatment  of  leachates  followed  by 
activated  sludge  treatment).  This  treatment  system  achieved 
removals  greater  than  ninety  percent  removal  of  ammonia,  BOD, 
COD,  and  iron  and  greater  than  two-thirds  reduction  in 
suspended  solids,  alkalinity,  magnesium,  Kjeldahl-N,  cadmium, 
lead,  mercury,  and  zinc. 

This  study  showed  that  the  cost  of  chemical /physical 
treatment  (including  chemical  precipitation,  air  stripping, 
neutralization  and  nutrient  supplementation)  was  $(US)  2.80  to 
3.24  per  thousand  gallons  of  leachate,  and  the  cost  of  a  treatment 
system  consisting  of  chemical/physical  treatment  (including 
chemical  precipitation,  air  stripping,  neutralization  and  nutrient 
supplementation)  followed  by  a  biological  treatment  (activated 
sludge)  was  $5.12  per  thousand  gallons  of  leachate. 


ii.  Leachate  Treatment  (Activated  Sludge) 

In  the  multi-stage  leachate  treatment  system  of  Keenan  et 
al  (1984),  leachates  were  first  treated  with  physicochemical 
processes  (metal  precipitation  and  air  stripping,  etc.)  and  then 
treated  by  activated  sludge  treatment  prior  to  river  discharge  or 
return  to  the  landfill. 

Overall,  the  treatment  strategy  resulted  in  BOD,  COD,  and 
ammonia  reductions  of  99,  95,  and  90%  respectively. 
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iii.  Petroleum  Refinery  Effluents  (Activated  Sludge  ) 

As  the  public  and  the  legislation  are  becoming  more 
concerned  with  environmental  contaminants,  the  refinery  industry 
in  the  United  States  and  Canada  has  undertaken  since  the  late 
1970's  a  series  of  studies  concerning  contaminants  in  refinery 
wastewater.  Since  1979  the  Petroleum  Association  for 
Conservation  of  the  Canadian  Environment  (PACE)  sponsored 
several  major  investigations  aimed  at  defining  the  fate  of  trace 
contaminants  in  petroleum  refinery  effluents  (Anon.,  1985a; 
CANVIRO  Consultants,  1987).  In  June  of  1986  the  Ontario 
Government  published  a  policy  and  program  statement  on 
controlling  municipal  and  industrial  discharges  into  surface  waters 
(the  White  Paper  entitled  "Municipal-Industrial  Strategy  for 
Abatement  (MISA)",  listing  eight  industrial  sectors  (including  a 
sector  for  the  petroleum  refining  industry)  to  be  separately 
regulated. 

The  wastewater  from  refinery  treatment  is  formed  from  a 
variety  of  processes  such  as:  desalters,  condensed  steam  from 
crude  distillation  units  and  fluid  catalytic  crackers,  sour  wash 
water  from  hydrocrackers,  thermal  crackers,  hydro  desulfurization 
units,  and  gas  recovery  units,  acidic  wastewaters  from  alkylation 
units,  waters  containing  phenolics  from  asphalt  oxidation  and 
steam  crackers,  and  inorganics  from  cooling  water  blowdown  and 
boilerhouse  blowdown. 

Refinery  wastewater  contains  hydrogen  sulfide,  ammonia, 
phenolics,  metals  such  as  arsenic,  cadmium,  chromium,  copper, 
iron,  lead,  mercury,  nickel,  and  zinc,  and  compounds  of  volatile 
and  base  neutral  organics.  Although  refinery  wastewater  is  not 
exactly  comparable  to  landfill  leachates,  the  composition  of  the 
raw  refinery  wastewater  comprising  metals,  inorganic  salts,  and 
organics  ranging  from  volatile  organics,  acidic  phenolics, 
aromatics  and  polynuclear  aromatics,  does  resemble  some  of  the 
industrial  landfill  leachates.  Thus,  a  successful  refinery 
wastewater  treatment  system  is  something  worthwhile  to  look  at, 
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in  the  quest  for  good  biodégradation  systems  to  treat  landfill 
leachates. 

In  1986,  CANVIRO  Consultants  conducted  a  study  on 
behalf  of  PACE,  in  conjunction  with  the  Ontario  Petroleum 
Association  (OPA),  the  Ontario  Ministry  of  Environment  (MOE) 
and  Environment  Canada,  to  determine  the  relationship  between 
biological  treatment  process  operating  conditions  and  the  ability 
of  the  process  to  effect  trace  contaminant  removal  (Greenshields, 
et  aZ.,1987;  CANVIRO  Consultants,  1987).  The  biological 
treatment  (activated  sludge  system)  was  carried  out  at  two 
preselected  refineries  in  Ontario,  one  at  Sarnia  (Esso),  and  the 
other  at  Trafalgar  (Petro-Canada). 

Petro-Canada's  Trafalgar  Refinery  has  the  capacity  to 
process  85,000  barrels  of  crude  oil  per  day.  Major  refinery 
processes  at  Petro-Canada's  Refinery  include  distillation, 
reforming,  alkylation,  desulfurization  and  blending  of  crude  to 
produce  a  variety  of  petroleum  products.  A  schematic  diagram  of 
Petro-Canada's  biological  wastewater  treatment  plant  is  shown  in 
Figure  6,  and  the  flow  chart  of  the  liquid  drainage  and  treatment 
system  at  the  site  is  presented  in  Figure  7.  Process  wastewater 
treatment  involves  oil/water  separation  in  API  (American 
Petroleum  Institute)  separators,  equalization,  further  oil  and 
solids  removal  in  induced  air  flotation  (LAF)  separators  and  in- 
house  biological  treatment  (aeration  tanks-clarifiers-aerobic 
digester).  All  tanks  are  covered  and  air  is  supplied  by  a  diffuse  air 
system.  There  was  no  nutrient  addition  to  the  aeration  tanks  at 
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FIGURE6 

SCHEMATIC  OF  PETRO-CANADA,  TRAFALGAR 

BIOLOGICAL  WASTE  WATER  TREATMENT  PLANT2 
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FIGURE7 

SCHEMATIC  OF  TRAFALGAR  REFINERY  LIQUID  EFFLUENT 

DRAINAGE  &  TREATMENT  SYSTEM3 
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the  time  of  sampling.   The  activated  sludge  plant  has  an  average 
design  flow  capacity  of  6,019  m3/day. 

The  CANVIRO  study  included  analysis  of  six  biotreatment 
plant  influents  and  six  biotreatment  plant  effluents  from  each 
refinery,  and  the  analysis  for  contaminants  (such  as  phthalate 
esters,  aromatics  and  polynuclear  aromatics,  metals  or  cyanide)  to 
assess  peformance  of  the  two  biological  treatment  plants.  The 
sampling  programs  at  the  two  refineries  involved  collections  from 
a  biological  treatment  plant's  influent  and  effluent  on  every 
second  day  of  an  eleven  day  sampling  period. 

The  results  of  the  analysis  are  summarized  in  Table  14, 
showing  the  mean  concentrations  of  the  measured  contaminants 
in  influent  and  effluent  streams.  The  results  showed  that 
contaminants  such  as  suspended  solids,  total  Kjeldahl  nitrogen 
(TKN),  ammonia,  oil  and  grease,  and  total  metal  concentrations 
were  not  removed  in  the  activated  sludge.  On  the  other  hand, 
with  respect  to  volatile  organics  and  polynuclear  aromatic 
hydrocarbons,  all  except  1,2-dichloropropane  and  di-  and  tri- 
methyl  naphthalene  were  reduced  to  non-detectable  levels  in  the 
effluents.  The  three  mentioned  chemicals  showed  a  significant 
reduction,  however. 

Ontario  Ministry  of  the  Environment  static  bioassay  toxicity 
tests  were  conducted  on  Petro-Canada  Refinery  biological 
treatment  plant  effluent.  The  results  reported  from  MOE 
indicated  that  after  96  hours  there  was  no  mortality  at  the  65% 
concentration  of  effluent  in  water. 

In  spite  of  the  differences  in  the  two  refineries  (refinery  size 
and  complexity)  and  their  biological  treatment  facilities  (design 
and  operation),  both  biological  systems  provided  a  high  degree  of 
trace  organic  contaminât  control.  In  general,  the  results  gererated 
from  this  monitoring  program  were  consistent  with  those  reported 
in  previous  studies  of  petroleum  refinery  effluents  (Anon.,  1985a), 
i.e.  fewer  volatile  and  base  neutral  extractable  organics  were 
detected.    A  surrogate  parameter,  such  as  nitrification,  which 
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TABLE14 

ANALYSIS  OF  CONTAMINANT  CONCENTRATIONS  IN 

ACTTVATED  SLUDGE  PLANT  FLUID  AND  EFFLUENT  AT 

PETRO-CANADA  TRAFALGAR3 


PARAMETERS                  INFLUENT  MEANb 

EFFLUENT  MEANb 

Conventional 

PH 

9.6 

7.4 

Conductivity 
(uohms/cm) 

1311 

1397 

Alkalinity 

(mg/LasCaC03) 

149 

137 

Suspended  Solids  (mg/L) 

57 

64 

Dissolved  Organic 
Carbon  (mg/L) 

45.0 

17.8 

Ammonia  Nitrogen  (mg/L) 

192 

14.7 

Total  Kjeldahl 
Nitrogen  (mg/L) 

213 

19.5 

Nitrate  Nitrogen  (mg/L) 

1.02 

034 

Nitrite  Nitrogen  (mg/L) 

0.17 

• 

Total  Phenols  (ug/L) 

22544 

50.8 

Total  Phosphorus  (mg/L) 

0.98 

m 

Filtered  Phosphorus  (mg/L) 

- 

• 

Oil  and  Grease  (mg/L) 

22 

21 

^Source:  CANVIRO  Consultants,  1987. 
bBased  on  analysis  of  six  hour  composite  samples 
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TABLE  14  (Cont'd) 

ANALYSIS  OF  CONTAMINANT  CONCENTRATIONS  IN 

ACTIVATED  SLUDGE  PLANT  FLUID  AND  EFFLUENT  AT 

PETRO-CANADA  TRAFALGAR3 

PARAMETERS  INFLUENT  MEANb  EFFLUENT  MEANb 

Volatile  Organic  Compounds 
(ug/L) 

Benzene  1540 

Ethylbenzene  122 

Toluene  1071 

Xylene  584 

Methylene  Chloride 

1,2  Dichloropane  21.8  83 

Chloroform ; : 

Base  Neutral  Extractable 
Organic  Compounds  (ug/L) 

Anthracene 

Methyl  Anthracene  311 

bis  (2-ethylhexyl)  15  21 

phthalate 

Fluorene  94 

Naphthalene  239 

Methyl  Naphthalene  2463 

Dimethyl  Naphthalene  2948 

Trimethyl  Naphthalene  2091 

Phenanthrene 122 : 
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TABLE  14  (Cont'd) 

ANALYSIS  OF  CONTAMINANT  CONCENTRATIONS  IN 

ACTIVATED  SLUDGE  PLANT  FLUID  AND  EFFLUENT  AT 

PETRO-CANADA  TRAFALGAR3 

PARAMETERS  INFLUENT  MEANb  EFFLUENT  MEANb 


MfiîâlS  (ug/L) 

Arsenic 

Cadmium 

Chromium 

Copper 

Iron 

Lead 

Mercury 

Nickel 

Zinc 


43 

44 

NO 

NO 

270 

280 

5 

7 

1040 

7 

14 

163 

028 

038 

6 

4 

113 

143 
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would  be  an  indicator  of  trace  contaminant  concentrations  in 
effluents  could  not  be  identified  from  the  results  of  this  study. 

During  a  recent  visit  to  Petro-Canada's  Trafalgar  Refinery 
plant,  it  was  learned  that  phosphoric  acid  is  currently  being  added 
to  the  aeration  tank  to  provide  a  nutrient  source  of  phosphate  for 
the  microorganisms.  The  system  is  not  heated  as  the  influent  is 
hot,  with  the  resulting  temperature  of  the  medium  in  the 
biological  treatment  tanks  between  30-40°C  (usually  aerobes  can 
tolerate  temperatures  as  high  as  37°C  without  affecting 
performance  significantly,  but  the  nitrifying  bacteria  operate  most 
efficiently  at  25°C  to  30°C  and  their  efficiency  begins  to  decrease 
as  the  temperature  rises  above  30°C). 

The  only  environmental  problem  the  management  of  the 
Trafalgar  biological  treatment  plant  has  to  solve  currently  is  the 
odour  problem  (sulfide)  even  though  the  off-gases  are  collected  in 
the  odour  control  system  and  scrubbed  with  an  alkaline  sodium 
hyopochlorite  solution  to  remove  hydrogen  sulfide  and  other 
malodorous  gases.  The  plant  operating  staff  need  to  control  the 
number  and  condition  of  the  microorganisms  in  the  aeration 
tanks,  i.e.  the  solid  retention  time  (SRT)  control  in  order  to 
obtain  optimum  activated  sludge  plant  operation.  It  was 
expressed  that  the  desired  SRT  at  the  plant  is  25  days. 


3.  TRICKLING  FILTER 


a)  Process  Description 

The  trickling  filter  process  is  an  aerobic  biological  treatment 
in  which  the  microbial  biomass  attaches  itself  directly  to  the  filter 
media.  The  filter  media  consist  of  solid,  fixed  surfaces,  such  as 
perforated  plastic  balls,  which  become  covered  with  a  bacterial 
film  (called  a  biofilm).  The  organic  contaminant  removal,  oxygen 
use,  ammonia  removal,  new  cell  growth  and  retention  of  biofilm, 
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all  occur  in  the  filter.  Oxygen  is  supplied  by  air  that  flows  through 
the  medium.  In  the  trickling  filter  process,  the  wastewater  moves 
through  the  filter  to  a  settling  tank  for  clarification,  thus 
improving  the  quality  of  the  effluents.  High  rate  trickling  filters 
have  been  shown  to  reduce  BOD  by  60  to  85%.  A  schematic 
diagram  of  a  trickling  filter  is  shown  in  Figure  8  (McArdle  et  al, 
1987). 

The  basic  difference  between  the  activated  sludge  process 
and  the  trickling  filter  is  that  the  biomass  in  the  settler  of  the 
trickling  filter  does  not  have  to  be  recycled  back  to  the  system. 

In  a  way,  the  trickling  filter,  or  the  biofilm  design  is  the  basis 
of  the  rotating  biological  contactor  (RBC,  discussed  in  the  next 
section).  The  trickling  filter  process  differs  from  the  RBC  process 
by  having  much  shorter  retention  times  and  stationary  rather 
than  dynamic  media. 


b)  Advantages  and  Disadvantages 

The  capital  costs  of  a  trickling  filter  for  25-  to  100-gal/min 
streams  are  relatively  inexpensive,  ranging  from  $(US)  150,000  to 
$345,000;  the  trickling  filter  accounts  for  about  27%  of  the  capital 
outlay;  and  the  annual  operational  and  management  costs  range 
from  $15,000  to  $58,000  (McArdle  et  al,  1987). 


c)  Case  Studies 

Trickling  filters  have  been  used  to  treat  landfill  leachates 
with  varying  degrees  of  success  (Senior  and  Balba,  1987). 
Phosphate  supplementation  is  usually  required  to  satisfy  the 
chemical  demand  for  precipitation  of  insoluble  organophosphates 
of  heavy  metals  and  the  physiological  growth  requirement. 
Although  BOD  reductions  as  high  as  99%  (Barber,  1983)  have 
been  obtained  together  with  significant  decreases  in  ammonia,  the 
treatment  does  not  effectively  remove  refractory  xenobiotic  (non- 
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FIGURE  8 
SCHEMATIC  DIAGRAM  OF  A  TRICKLING  FILTER3 
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biodegradable)  organic  molecules,  thus  final  polishing  by 
physicochemical  treatment  is  required.  With  some  wastes, 
percolating  filters  are  liable  to  clog  due  to  the  precipitation  of 
hydrated  ferric  oxides.  Trickling  filters  will  not  produce  as  high  a 
quality  effluent  as  activated  sludge  treatment,  but  may  be  less 
troublesome  from  an  operational  standpoint  and  are  less  likely  to 
cause  stripping  of  volatile  compounds. 

In  general,  the  trickling  filter  biological  treatment  system  is 
quite  efficient  for  removing  aromatic  compounds  and  reducing 
BOD  and  COD  in  industrial  wastewater.  A  U.S.  EPA  study 
(1980)  reported  that  a  trickling  filter  system  removed  more  than 
97%  of  the  phenol  and  more  than  92%  of  the  BOD  from  an 
industrial  wastewater. 


4.  ROTATING  BIOLOGICAL  CONTACTORS 


a)  Process  Description 

The  basic  elements  of  the  Rotating  Biological  Contactor 
(RBC)  system  are  media,  shaft,  bearing,  drive,  and  cover.  The 
RBC  hardware  consists  of  large-diameter  and  closely  spaced 
circular  plastic  media  (discs).  These  rotating  discs  which  are 
mounted  on  a  horizontal  rotating  shaft,  are  partially  submerged  in 
a  wastewater  stream  (Figure  9)  (Bartsch,  1971).  The  shaft,  which 
is  supported  by  bearings,  is  slowly  rotated  by  an  electric  motor. 
The  plastic  media  are  made  of  corrugated  polyethylene  material 
of  various  sizes  and  configurations.  The  commonly  used  RBC 
shafts  are  generally  25  to  27  ft  in  length  with  a  media  diameter  of 
12  ft. 

The  process  is  based  on  microbial  catabolism. 
Microorganisms  attached  to  the  rotating  media  simultaneously 
consume  soluble  substrate  and  oxygen  from  the  thin  wastewater 
film.     Dissolved  oxygen  in  wastewater  in  replenished  in  the 


■121- 


FIGURE  9 
END  VIEW  OF  A  RBCa 
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rotating  media  by  direct  exposure  to  the  air.  In  the  case  of 
denitrification,  the  entire  media  is  submerged  in  wastewater. 
RBC  equipment  should  be  protected  from  the  weather  with 
fibreglass  covers  or  housings.  Enclosures  are  necessary,  mainly  to 
prevent  excessive  loss  of  heat  from  wastewater,  to  avoid  exposing 
the  biomass  directly  to  subfreezing  ambient  temperature,  to 
eliminate  algae  growth,  and  to  protect  the  RBC  equipment 
against  wind,  precipitation,  and  vandalism. 

The  RBC  concept  was  first  studied  by  the  Health 
Department  of  the  City  of  Toronto,  Canada  from  1916  to  1921. 
The  recently  improved  RBC  process  is  a  relatively  new  technology 
of  fixed-film  (aerobic  or  anaerobic)  biological  wastewater 
treatment.  The  RBC  process  has  been  used  for  organic  removal, 
nitrification,  and  denitrification  (the  reduction  of  nitrate  to 
nitrogen  gas  i.e.  removal  of  nitrogen  from  wastewater)  for  many 
different  types  and  concentrations  of  domestic  and  industrial 
wastewaters. 

Since  1977,  RBC's  have  become  more  popular.  There  are 
approximately  500  RBC  installations  in  the  U.S.,  and  two  of  the 
largest  RBC  installations  are  in  the  cities  of  Orlando,  FL  and 
Philadelphia,  PA.  Because  of  improper  design,  not  all  RBC 
operations  have  been  successful.  The  functioning  of  the  RBC 
system  depends  on  many  variables  related  to  hardware  and 
equipment,  particularly  on  the  design  and  construction  material  of 
the  rotating  discs  and  shaft  (Lin,  1987). 

After  RBC  system  start-up,  microorganisms  naturally 
present  in  the  domestic  wastewater  begin  to  adhere  to  the  rotating 
media  surface  and  propagate  until,  after  about  a  week,  the  entire 
surface  is  covered  with  an  approximately  1  to  4  mm  thick  layer  of 
microbial  biomass  (about  50,000  to  100,000  mg/1  suspended 
solids).  The  microorganisms  forming  the  film  remove 
biodegradable  organic  matter,  nitrogen,  and  dissolved  oxygen 
(DO)  in  the  wastewater  and  convert  metabolically  biodegradable 
pollutants  to  more  benign  components. 
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During  their  continuous  rotation,  the  discs  carry  films  of 
wastewater  into  the  air,  which  then  trickles  down  through  the 
liquid  film  surface  into  the  bulk  liquid  (Figure  10).  The  films 
provide  the  necessary  surface  area  for  absorption  of  oxygen  from 
the  air.  Intimate  contact  between  the  wastewater  and  the 
microbial  biomass  creates  a  constantly  moving  surface  area  for 
bacteria/substrate/oxygen  interactions.  Excess  DO  in  the  film  is 
mixed  with  the  bulk  wastewater  in  the  tank,  resulting  in  aeration 
of  the  system. 


b)  Advantages  and  Disadvantages 

In  comparison  with  other  aerobic  biological  treatment 
processes,  the  RBC  process  differs  from  the  trickling  filter  process 
by  having  substantially  longer  retention  times  (i.e.  higher  HRT) 
and  dynamic  rather  than  stationary  media.  It  differs  from  the 
activated  sludge  process  by  having  attached  (fixed)  biomass  rather 
than  a  suspended  culture  and  sludge  recycle. 

The  aerobic  RBC  process  is  similar  to  both  the  trickling 
filter  (fixed-film)  and  the  activated  sludge  processes  (suspended 
culture  in  the  mixed  liquor)  in  having  a  heavy  microbial  biomass 
and  a  requirement  for  oxygen.  However,  the  RBC  has  advantages 
over  the  trickling  filter  process,  which  include  substantially  longer 
(8-10  fold)  contact  times,  relatively  low  land  requirements  (40% 
less),  less  excavation,  and  more  surface  area  for  aeration.  It  is 
more  effective  in  handling  shock  loadings,  and  sloughing  off  of 
the  excessive  biomass.  In  addition  it  is  possibly  without  the 
nuisance  of  "filter  flies".  Unlike  the  trickling  filter  and  activated 
sludge  processes,  RBCs  do  not  require  a  large  reserve  capacity 
because  module  units  can  be  conveniently  added  on  later.  The 
RBC  system  may  use  less  power  than  either  mechanical  aeration 
(activated  sludge)  or  trickling  filter  systems  of  an  equivalent 
capacity.  It  is  anticipated  that  the  RBC  would  exhibit  a  more 
consistent  treatment  efficiency  during  the  winter  months  than 
either  of  the  two  systems  compared. 
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FIGURE  10 
SCHEMATIC  DIAGRAMS  OF  RBC  UNIT  AND  A  MEDIUM3 
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In  comparison  with  the  activated  sludge  process,  with  the 
RBC  there  is  no  sludge  or  effluent  recycle.  RBC  demands 
minimal  process  control  requirement,  and  requires  lower 
maintenance  and  power  consumption.  Hydraulic  surges  or 
organic  overloading  will  disrupt  the  operation  of  activated  sludge 
units  by  causing  sludge  bulking.  However,  it  is  much  easier  and 
faster  for  RBC  to  recover  from  shock  in  similar  situations.  Other 
advantages  of  RBC  are:  a  relatively  low  land  requirement  and  less 
excavation,  more  flexibility  for  upgrading  treatment  facilities,  less 
expense  for  nitrification,  and  better  sludge  settling  (Lin,  1987). 

Rotating  biological  contactor  processors  are  as  efficient  as 
the  activated  sludge  process  for  wastewater  treatment,  but  are 
smaller  and  more  sensitive  to  BOD  fluctuation.  The  RBC 
technology  can  be  easily  retrofitted  into  existing  treatment  plants. 
It  has  high  treatment  capacity  (providing  85%  or  more  of  BOD5 
(5-day  biological  oxygen  demand)  and  ammonia  nitrogen  removal 
from  sewage),  and  good  sludge  separation.  The  physical  features 
of  RBC  units  result  in  excellent  oxygen  transfer,  no  short  circuit, 
without  bulking,  foaming,  and  flooding  of  sludge. 

The  problems  of  the  first  generation  of  RBC  units  were 
mainly  caused  by  failures  of  hardware  and  equipment.  A  recent 
study  by  the  EPA's  Water  Engineering  Research  Laboratory 
(Cincinnati,  Ohio)  (Anon.,  1985b)  reported  that  performance 
data  from  sixty  plants  showed  that  instances  of  the  unacceptable 
RBC  operation  were  attributable  to  organic  overloading.  Heavy 
weight  on  the  discs  can  cause  the  shaft  of  the  RBC  to  bend. 

Conditions  that  limit  the  amount  of  dissolved  oxygen 
available  to  an  RBC  system  are  problems  hampering  biological 
oxygen  demand  removal.  According  to  this  study,  equipment 
performance  was  deemed  to  be  the  major  weakness  of  RBC 
systems.  Low  DO  coupled  with  sufficient  sulfide,  will  promote  the 
growth  of  the  nuisance  bacteria,  Beggiatoa,  on  the  RBC  media,  to 
give  an  unacceptable  white  biomass  (Hitdlebaugh  and  Miller, 
1980).  This  problem  can  be  solved  by  the  addition  of  hydrogen 
peroxide. 
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RBC  units  were  found  to  be  less  expensive  than  those  for 
activated  sludge  systems,  but  more  costly  than  those  of  trickling 
filter  systems.  The  capital  costs  of  a  RBC  for  25-  to  100-gal/min 
streams  range  from  $(US)  103,000  to  $383,000;  the  RBC  unit 
accounts  for  about  70%  of  the  capital  outlay;  and  the  annual 
operational  and  management  costs  range  from  $13,000  to  $36,000 
(McArdlee/oZ.,  1987). 


c)  Case  Studies 

i.  Treatment  of  Phenolic  Wastes  (RBC) 

A  recent  report  at  the  HAZMAT  Canada  '87  Conference 
showed  that  the  rotating  biological  disc  has  been  successfully 
demonstrated  for  the  destruction  of  phenolics  in  five  waste 
streams,  including  streams  from  spray  dried  resin  production, 
phenol-formaldehyde  resin  condensate,  fibreglass  insulation 
manufacture,  pulp  and  paper  mill  effluents,  and  landfill  leachates 
(McKim,  1987). 


ii.  EPA  Study  of  Landfill  Leachate  Treatment  (RBC) 

A  study  was  conducted  with  a  pilot  sized  RBC  at  the  EPA's 
Testing  and  Evaluation  Facility  at  Cincinnati,  Ohio  to  evaluate 
treatability  of  the  leachate  from  the  Stringfellow  hazardous  waste 
site  in  Riverside  County,  California,  and  from  the  New  Lyme 
hazardous  waste  site  in  Ashtabula  County,  Ohio  (Opatken  et  al, 
1986;  Opatken  et  al.,  1987). 

In  the  studies,  a  series  of  batches  were  run  with  primary 
effluent  from  the  City  of  Cincinnati's  Mill  Creek  Sewage 
Treatment  Facility  to  develop  a  biomass  on  the  disks  and  to 
obtain  kinetic  removal  rate  data.  These  runs  were  then  followed 
with  experiments  ultilizing  leachate  that  operated  at  various 
ratios  of  leachate  to  primary  effluent,  and  at  100%  leachate.  The 
objectives  were  to  determine  (a)  the  fate  of  specific  organic 
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cx>mpounds,  (b)  the  final  effluent  quality,  and  (c)  the  rate  of 
removal  of  dissolved  organics. 

The  pilot  sized  RBC  contains  1000  m^  of  surface  area  which 
is  approximately  10%  of  a  full  scale  RBC.  The  diameter  of  the 
pilot  unit  is  3.6  m,  which  is  identical  to  a  full  scale  RBC.  The 
length  is  less  than  1  m  (3.3  ft),  whereas  a  full  scale  RBC  is  7.6  m 
(25  ft).  The  RBC  facility  was  designed  to  operate  in  a  batch  mode 
with  the  5000  gallons  of  leachate  that  was  trucked  from  California 
to  Cincinnati  for  the  experiment.  The  leachate  was  lime  treated 
at  Stringfellow  for  metals  reduction  so  that  the  experiments  could 
concentrate  on  soluble  organics  removal  with  the  RBC  treatment. 

The  pilot  RBC  was  designed  to  operate  in  a  batch  mode  for 
the  following  reasons:  (a)  to  eliminate  flow  controls,  (b)  to 
minimize  accidental  releases  into  the  sewer  systems,  (c)  to  avoid 
spillages,  (d)  to  improve  mass  balance  analyses,  (e)  to  obtain 
reaction  kinetics  data,  (f)  to  control  final  disposal,  and  (g)  to 
scale-up  for  site  operation. 

The  first  experimental  batches  for  each  site  were  made  with 
increasing  ratios  of  leachate  to  primary  effluent  to  allow  a  gradual 
acclimatization  period  for  the  biomass  to  the  leachate.  Following 
these  mixed  batches,  the  runs  were  done  with  100%  leachate.  The 
operation  consisted  of  transferring  the  leachate  from  the  storage 
tank  to  the  mixing  tank  where  the  volume  was  determined.  It  was 
then  pumped  to  the  RBC  and  operated  at  a  speed  of  15  rpm. 
The  operation  continued  until  the  dissolved  organic  carbon 
(DOC)  reached  a  constant  level.  The  RBC  contents  were  then 
returned  to  the  mixing  tank  for  additional  treatment  with 
activated  powdered  carbon  (APC)  followed  by  clarification  with 
ferric  chloride  to  achieve  the  effluent  standards  required  for 
disposal  to  the  Mill  Creek  Sewage  Treatment  Facility  (MCTF).  A 
schematic  diagram  of  the  Stringfellow  RBC  is  shown  in  Figure  11. 
Sodium  phosphate  was  added  to  the  leachate  to  provide  adequate 
levels  of  phosphorus  to  maintain  a  satisfactory  supply  of  nutrients. 
The  RBC  operation  required  pH  adjustment.  As  the  DOC 
dropped  during  the  reaction  phase,  the  pH  would  fall  and  require 
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FIGURE  11 
STRINGFELLOW  RBC  FLOW  SCHEMATIC3 
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periodic   additions   of   sodium    hydroxide   to   the    Stringfellow 
leachate  to  maintain  a  pH  greater  than  6. 

The  effluent  limitations  set  by  the  MCTF  were:  (a)  total 
organic  halides  <  5mg/L,  (b)  vapor  space  organics  (VSO)  <  300 
ppm,  and  (c)  pH  between  6  and  10.  Internal  limits  were  also  set 
on  gross  organics  that  were  equivalent  to  a  releatively  high 
strength  raw  wastewater  such  as:  (a)  soluble  biochemical  oxygen 
demand  (SBOD)  <100  mg/L,  (b)  dissolved  organic  carbon 
(DOC)  <100  mg/L,  and  (c)  soluble  chemical  oxygen  demand 
(SCOD)  <300  mg/L.  During  the  experiment  the  following 
operating  parameters  were  monitored:  volume  of  leachate  fed  to 
the  RBC,  temperature,  pH  and  dissolved  oxygen  every  2  hours, 
speed  of  rotation  every  6  hours,  SBOD,  DOC,  and  SCOD.  In 
addition  to  the  gross  organics,  the  raw  leachate  and  the  treated 
effluent  were  analyzed  for  suspended  solids,  nitrogen  species, 
phosphorus,  and  specific  organic  contaminants  such  as:  p- 
chlorobenzene  sulfonic  acid,  1,2-dichlorobenzene,  o-xylene, 
chloroform,  ethylbenzene,  2-hexanone,  and  tetrchloroethylene. 
Specific  organic  analyses  obtained  on  New  Lyme  leachate  and 
effluent  included  priority  pollutants  of  (a)  volatile  organics,  (b) 
base-neutral  organics,  (c)  metals,  (d)  acid  compounds,  and  (e) 
pesticide  and  PCB's. 

Following  the  Stringfellow  acclimatization  runs,  a  series  of 
experiments  were  done  using  100%  Stringfellow  leachate. 
Approximately  4  days  were  required  to  reduced  the  DOC  from 
300  to  100  mg/L.  The  removal  rate  was  significantly  below  the 
rate  obtained  with  the  MCTPs  primary  effluent  (PE).  Previous 
work  on  RBCs  showed  a  SBOD  removal  rate  of  440  mg/h.m^ 
with  municipal  wastewater;  whereas  the  Stringfellow  leachate 
gave  19  mg/h.m^. 

With  the  Stringfellow  leachate,  the  results  showed  that 
although  the  organics  in  the  leachate  were  not  totally 
biodegraded,  a  significant  reduction  was  achieved.  The  dissolved 
organic  carbon  (DOC)  was  reduced  by  two-thirds,  the  soluble 
chemical  oxygen  demand  (SCOD)  was  reduced  by  one-half,  and 
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the  soluble  biochemical  oxygen  demand  (SBOD)  was  completely 
eliminated. 

When  New  Lyme  (NL)  leachate  was  mixed  with  the 
MCTFs  primary  effluent  at  a  ratio  of  1  part  NL  to  2  parts  PE,  the 
reaction  started  immediately  and  the  organics  were  converted  to 
innocuous  products  in  less  than  20  hours.  The  removal  was  97% 
for  the  gross  organics  and  the  quality  of  effluent  was  far  superior 
to  many  secondary  effluents  from  wastewater  treatment  plants 
when  compared  on  the  basis  of  final  gross  organic  concentrations. 
However,  a  second  batch  had  radically  different  results,  showing 
that  there  was  an  ineffective  rate  of  removal  (300  hours  instead  of 
20  to  complete  the  reaction)  probably  due  to  biomass  stripping, 
the  increased  concentration  of  the  suspended  solids  in  the  RBC 
tank  contents,  the  presense  of  inhibiting  organics  or  insufficient 
nutrients. 

Characterization  of  the  leachate  indicated  that  nitrogen  was 
readily  available  as  nitrate  and  therefore  no  adjustment  was 
needed  in  regard  to  nitrogen.  The  major  idenitfied  organic 
constituent,  p-chlorobenzene  sulfonic  acid,  was  readily  removed 
during  the  RBC  treatment.  The  residual  DOC  was  not  identified 
by  a  GC/MS  scan  because  of  the  nature  of  the  compound(s). 

The  results  of  the  experiments  indicated  close  to  100% 
removal  for  biodegradable  organics  including  p-chlorobenzene 
sulfonic  acid  as  defined  by  soluble  BOD  (SBOD).  They  also 
showed  that  a  significant  fraction  of  refractory  organics  remained 
after  the  treatment.  In  the  case  of  dissolved  organic  carbon 
(DOC)  only  63%  was  removed  and  only  54%  of  the  soluble 
carbon  oxygen  demand  (SCOD)  was  removed.  The  organics 
constituting  1/3  of  the  total  organics  at  Stringfellow  remains 
unidentified.  It  was  necessary  to  treat  the  leachate  after  RBC  with 
activated  powdered  carbon  (12  to  15  grams  per  gram  of  DOC 
added)  to  remove  additional  refractory  organics.  Separation  of 
the  carbon  from  the  leachate  was  achieved  by  flocculating  with 
ferric  chloride  during  clarification.  The  direct  scale  up  of  the  pilot 
plant  results  to  the  Stringfellow  site  would  require  3.3  years  of 
operation  to  recover  the  capital  costs  for  a  RBC  treatment  stage. 
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Leachates  from  different  hazardous  waste  sites  have  unique 
compositions,  and  it  can  be  expected  that  each  will  react 
differently  to  RBC  treatment,  such  as  leachates  from  Stringfellow 
and  New  Lyme  in  the  case  of  pH  and  reaction  rates.  Therefore, 
the  leachate  characterization  is  important  to  obtain  an  indication 
of  its  biodegradability. 


iii.  Peel  County  Landfill  (RBC) 

According  to  very  recent  information,  CMS  Rotordisk  Inc. 
of  Mississauga  (contractor)  and  M.  M.  Dillon  Co.  of  Toronto  have 
successfully  bid  for  a  contract  ($1.2  million)  from  the  Peel  County 
to  build  a  RBC  wastewater  treatment  system  at  the  Brittania 
Road  landfill  site.  The  goal  of  the  project  is  to  design  and  build  a 
RBC  system  that  can  significantly  reduce  or  remove  chemical 
contaminants  from  the  landfill  leachates  collected  from  the  site. 
The  system  is  expected  to  be  on-line  by  the  end  of  1988.  The 
system  has  been  designed  to  treat  2000  m^  of  leachate  per  month 
at  a  loading  of  133  kg/day.  It  has  a  total  disc  surface  area  for 
fixed  film  formation  of  124,000  ft2. 

Initial  data  from  a  pilot  plant  study  with  leachates  from  a 
landfill  (receiving  a  mixture  of  industrial  and  municipal  wastes) 
having  a  COD  of  15000  to  19000  mg/1  (loading  of  4  lb/1000  ft2 
disk  area /day)  conducted  by  CMS  and  ORF  are  encouraging. 
According  to  information  supplied  to  us  by  M.  Yazici  and  M. 
Croston  of  CMS  Rotordisk  Inc.  and  Bill  Walker  of  M.  M.  Dillon 
Co.  (personal  commun.),  92%  removal  of  COD  was  achieved  in 
the  pilot  study. 
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5.  SEQUENCING  BATCH  REACTOR 


a)  Process  Description 

The  sequencing  batch  reactor  (SBR)  is  a  biological  reactor 
that  is  operated  in  a  cyclic  batch  mode  (Middlebrooks  and 
Garland,  1968;  Irvine  and  Busch,  1979;  Irvine  et  al.,  1983; 
Herzbrun  et  al,  1985). The  SBR  is  one  of  several  innovative  and 
alternative  biological  waste  treatment  systems  that  has  been 
evaluated  by  the  EPA  (Irvine,  1985)  and  the  Office  of  Technology 
Assessment  (OTA,  1985). 

Each  reactor  in  a  SBR  system  has  five  discrete  periods  in 
each  cycle:  fill,  react,  settle,  draw,  and  idle  (Figure  12).  During 
the  Till"  cycle  (the  time  during  which  raw  wastewater  enters  the 
tank),  reactions  are  initiated  and  these  reactions  are  completed 
during  "react".  After  "react",  the  mixed  liquor  and  suspended 
solids  (biomass)  are  allowed  to  separate  by  gravity  sedimentation 
during  a  defined  period  of  time  called  "settle";  the  treated  effluent 
is  then  withdrawn  during  "draw".  The  time  period  between  the 
end  of  "draw"  and  the  beginning  of  new  "fill"  is  termed  "idle".  In  a 
two-tank  system,  one  tank  is  completing  "react",  "settle",  "draw", 
and  "idle"  while  the  other  tank  is  "filling". 

Municipal  application  of  an  SBR  was  first  demonstrated  at 
the  Culver  Treatment  Facility  (Indiana,  U.SA.)  (Irvine  et  al, 
1983).  Since  then,  a  full  scale  SBR  has  been  built  and  operated  at 
Niagara  Falls,  N.Y.  through  the  co-funding  of  CECOS  Intl.  and 
the  New  York  Sate  Energy  Research  and  Development  Authority 
(Herzbrun  et  al,  1985;  Aitken  and  Irvine,  1987).  This  system  is 
discussed  below. 
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FIGURE12 
THE  FIVE  CYCLES  OF  SBRa 
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b)  Advantages  and  Disadvantages 

The  SBR  offers  the  advantage  that  all  biological 
degradation  is  processed  in  one  tank,  thus  many  of  the  the 
physicochemical  functions  affecting  the  bacteria  can  be  controlled 
and  optimized,  as  in  an  industrial  scale  fermentor.  The  SBR 
environment  exerts  a  strong  selective  pressure  on  the  culture 
population,  since  the  SBR  forces  the  microorganisms  to 
periodically  go  through  feast  and  famine  cycles,  enabling  certain 
bacterial  species,  especially  those  that  would  degrade  recalcitrant 
compounds,  to  enjoy  a  competitive  edge.  Aerobic,  anoxic,  and 
anaerobic  spatial  and  temporal  regimes  are  possible  in  the  SBR, 
allowing  oxidative  and  reductive  processes  to  occur. 

The  capital  costs  of  an  SBR  for  25-  to  100-gal/min  streams 
range  from  $(US)  109,000  to  $224,000;  the  reactor  makes  up 
about  42%  of  the  capital  outlay;  and  the  annual  operational  and 
management  costs  range  from  $10,000  to  $26,000  (McArdle  et  al, 
1987).  Thus,  lower  capital,  operating  and  maintenance  costs  also 
make  the  system  attractive  compared  with  other  biological 
systems. 


c)  Case  Studies 


i.  Niagara  Falls,  NY.  (SBR) 

It  was  in  1981  and  1982  that  bench-scale  studies  were 
conducted  to  test  the  treatment  potential  of  the  sequencing  batch 
reactor  on  Hooker  Chemical  Company's  (now  Occidental 
Chemical  Corporation  (OCC))  leachate  from  their  Hyde  Park 
Landfill  site  (Irvine  et  al.,  1984).  As  a  result  of  their  successful 
studies  which  demonstrated  that  90%  of  the  chlorinated  organics 
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could  be  degraded  biologically  in  the  SBR,  a  full  scale  SBR  was 
designed,  installed,  and  put  on-line  at  CECOS  International's 
disposal  site  in  Niagara,  N.Y.  on  June  6,  1984.  This  system  which 
included  the  SBR  followed  by  activated  carbon  columns,  is  one  of 
only  two  fully  permitted  treatment,  storage,  and  disposal  facilities 
in  New  York. 

The  treatment  plant  typically  receives  10,000  m3  of 
wastewater  each  month.  Approximately  50%  of  this  is  leachate 
pumped  from  both  active  and  inactive  landfills  on  the  CECOS 
site;  approximately  30%  is  pumped  as  part  of  a  remedial 
groundwater  program  from  an  unrelated  facility  bordering  the 
CECOS  site;  the  remaining  20%  is  received  in  bulk  or  drums  from 
various  industries  in  a  640  km  radius. 

The  SBR  system  uses  a  two-phase  operation:  phase  1  is 
dedicated  to  oxidation-reduction  reactions,  acid  neutralization, 
heavy  metals  precipitation  (lime),  and  dewatering;  phase  2  is 
dedicated  to  pH  adjustment  (with  HC1),  biological  degradation, 
carbon  adsorption,  and  batch  discharge.  The  covered  SBR  (1890 
m3)  was  situated  in  the  phase  2  operation  between  the 
equalization  and  neutralization  basins,  and  the  activated  carbon 
columns.  Row  through  the  SBR  averaged  220  m3/day,  giving  an 
8-  to  9-day  retention  time,  and  representing  90%  of  the 
wastewater  processed  at  the  Niagara  Falls  site.  A  schematic 
diagram  of  the  SBR  system  is  shown  in  Figure  13. 

The  SBR  system  was  not  heated,  and  no  addition  of 
nutrient  was  needed  for  the  biological  treatment  plant.  Their 
monitoring  program  consists  of  measuring  influent  and  effluent 
for  TOC  and  phenol  every  3  days,  suspended  solids  once  a  week, 
and  oxygen  uptake  by  bacteria  once  every  3  weeks.  Full  scale 
performance  data  are  shown  in  Table  15.  The  cultures  in  the  SBR 
have  not  been  classified.  The  granular  activated  carbon  columns 
use  200,000  to  300,000  lb  of  carbon  per  year  at  50  cents/lb 
including  regeneration  (Calgon  Co.).  The  management  at 
CECOS  chose  SBR  over  others  because  of  its  simplicity  (all  the 
actions  in  one  tank)  and  its  effectiveness  in  leachate  treatment  as 
shown  in  the  pilot  studies.  They  considered  anaerobic  processes 
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FIGURE  13 
SCHEMATIC  OF  CECOS  SBR  SYSTEM3 
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TABLE15 
FULL  SCALE  SBR  PERFORMANCE  DATAa 


InfluentTOC,  g/m3  1100 

Effluent  TOC,  g/m3  260 

TOC  degraded  76% 

Influent  Phenol,  g/m3  39.6 

Effluent  Phenol,  g/m3  0.4 

Phenol  degraded  99.0% 

MLSS,g/m3  1100 

MLVSS,  g/m3  930 

Effluent  SS,  g/m3  80 

SV1,  mL/g  60 


aSource:  Herzbrun  et  aï.  1985. 
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to  be  more  prone  to  shocks,  and    it  would  take  the  anaerobes  a 
much  longer  time  to  recover  from  shock. 

Operation  of  an  SBR  at  CECOS  Intl.  during  the  winter 
months  showed  a  reduction  in  biodégradation  rates  (Herzbrun  et 
al,  1985).  An  SBR  experiment  to  simulate  cold  weather 
operation  showed  that  a  reactor  maintained  between  5  and  6°C 
had  a  TOC  value  of  800,  compared  with  1600  for  the  influent,  and 
400  for  the  reactor  that  was  maintained  between  21  to  25°C 
(Herzbrun  et  al,  1985).  In  order  to  maximize  productivity  of 
these  systems,  it  is  necessary  to  periodically  remove  accumulating 
scum  from  these  bioreactors.  Otherwise,  the  deposited  scums 
would  freeze  and  the  tank  float  switches  would  lift  vertically 
without  tipping.  Frozen,  thickened  scums  would  also  hamper  the 
operation  of  the  decanters  unless  skimming  devices  had  been 
installed  (Irvine  et  al,  1983). 

A  senior  official  of  CECOS  suggested  that  longer  retention 
time  of  the  wastewater  should  be  maintained  for  better 
treatability.  Furthermore,  if  financially  possible,  each  site  should 
have  two  SBR's  to  provide  more  flexibility,  such  that  while  one 
SBR  is  operating  in  the  reaction  step,  the  other  one  is  discharging 
treated  effluent. 


ii.  Additional  information  (SBR) 

According  to  several  sources  we  contacted,  Occidental 
Chemical  Co.  of  Niagara  Falls,  N.Y.  is  currently  seeking 
permission  from  New  York  State  to  build  a  new  biological 
treatment  system  with  three  SBR's  at  Hyde  Park,  New  York. 

Through  a  recent  private  communication  with  Professor 
Robert  Irvine  of  Notre  Dame  University,  Indiana,  it  was  learned 
that  there  are  seventy-five  SBR  plants  operating  in  the  United 
States  (including  one  in  California  that  can  treat  5  million  gallons 
per  day,  and  one  in  Oklahoma  City  that  can  treat  25  million 
gallons  per  day),  West  Germany,  and  Japan.  In  Canada,  at 


-139- 


present  there  is  a  SBR  in  operation  in  Quebec  City  although  it 
deals  mainly  with  slaughter  house  wastes.  Professor  Irvine 
deemed  the  SBR  system  more  flexible  than  RBC  from  an 
engineering  point  of  view. 


B.  ANAEROBIC  BIOLOGICAL  TREATMENT 
PROCESSES 


Anaerobic  treatment  processes  are  based  on  microbial 
biodégradation  of  organic  waste  in  the  absence  of  oxygen.  In 
these  processes  various  bacterial  species  closely  interact  to  effect 
total  mineralization  of  organic  compounds. 

In  section  rV.C.2.,  the  importance  of  interacting  microbial 
populations  in  the  biodégradation  process  was  discussed.  In 
anaerobic  digestion,  several  major  groups  of  bacteria  have  been 
identified  to  be  essential.  First,  there  are  the  fermentative 
bacteria  which  synthesize  extracellular  hydrolytic  enzymes  that 
attack  natural  polymers  (e.g.  cellulose,  starch)  and  convert  them 
to  soluble  intermediary  metabolites  (such  as  succinate,  lactate, 
etc.).  These  are  then  fermented  to  simple  organic  acids  which  are 
catabolized  by  the  second  group  of  bacteria,  the  acetogens,  which 
produce  acetate.  In  the  next  step  (methanogenesis),  the  volatile 
acids  are  converted  to  methane,  hydrogen,  and  carbon  dioxide. 
Methanogens  are  the  best  known  members  of  the  bacterial 
consortium  responsible  for  the  anaerobic  digestion  process.  The 
flow  of  carbon  from  polymeric  materials  to  methane  in  an 
anaerobic  bioreactor  is  shown  in  Figure  14  (Zinder,  1984). 

Anaerobic  processes  may  have  advantages  over  aerobic 
treatment  because  of  less  gas  stripping  of  volatiles  and  lower 
sludge  production.  In  addition  to  effective  removal  of  COD, 
BOD,  and  heavy  metals,  the  methane  produced  could  be  used  as 
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F1GURE  14 
MICROBIAL  GROUPS  IN  ANAEROBIC  DIGESTION3 
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fuel.  Anaerobic  lagoons  also  are  easier  to  operate  and  have  lower 
capital,  operation  and  maintenance  costs.  However,  it  may  be 
noted  that  ammoniacal  nitrogen  is  not  significantly  removed  in 
anaerobic  treatment.  The  difficulty  with  anaerobic  filter 
operation  may  be  similar  to  that  with  activated  sludge.  A  lower 
quality  effluent  will  be  produced  by  anaerobic  processes 
necessitating  post-treatment,  such  as  carbon  sorption  (carbon 
column)  and  chemical  precipitation  or  filtration  for  removal  of 
residual  heavy  metals.  Ion  exchange  and  membrane  processes 
may  be  considered  for  inorganic  ion  or  total  dissolved  solids 
removal. 

Many  industrial  discharges  of  heavy  metals  are  ultimately 
dispersed  to  the  acid-rain  washed  landfill  leachates.  The  changes 
in  gas  production  and  volatile  acid  concentration  which  occur 
after  addition  of  heavy  metals  such  as  copper,  in  concentrations 
and  forms  which  inhibit  the  anaerobic  process,  are  well 
documented  (Lawrence  and  McCarty,  1965;  Mosey,  1976;  Scherb 
and  Steiner,  1982). 

Some  of  the  toxic  effects  of  heavy  metals  on  anaerobic 
systems  are  summarized  in  Table  16.  Toxic  effects  occur  when  a 
large  buildup  of  metals  exists  in  association  with  the  biomass 
resulting  in  surface  deterioration  of  the  cells  (Hayes  and  Theis, 
1978). 


1.  ANAEROBIC  DIGESTER 


a)  Process  Description 

In  the  anaerobic  digestion  of  sewage  sludge,  input  mixing  is 
essential  to  prevent  solids  segregation  in  bottom  deposit  or 
surface  float  layers.  Although  a  low  intensity  of  mixing  is 
sufficient  to  satisfy  most  process  requirements,  anaerobic 
digestion  may  take  15  to  25  days  of  hydraulic  retention  time. 
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TABLE16 
EFFECT  OF  HEAVY  METALS  ON  ANAEROBIC  SYSTEMS3 


Metal 

Inhibition  Starts 

Failure 

mg/L 

% 
of  dry  solids 

mg/L 

% 
of  dry  solids 

Cu 

40-250 

0.30-2.00 

170-300 

0.83-4.70 

Cd 

20-600 

1.10-4.00 

Zn 

150-400 

1.00-320 

250-600 

1.00-3.00 

Crm 

120-300 

<225 

200-500 

1.15-4.00 

CrVI 

100-110 

2CKM20 

Ni 

10-300 

<2.25 

30-1000 

>1.0 

Pb 

300-340 

<225 

>340 

aSource:  Kouzeli-Katsiri  and  Kartsonas,  1986 
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Self-mixing  due  to  biogas  production  is  a  very  important  source  of 
mixing  energy  in  these  digesters.  The  efficiency  of  this  type  of 
agitation  increases  with  liquid  depth.  The  use  of  biogas  as  the 
mixing  energy  vehicle  offers  the  advantages  of  design  flexibility, 
ease  of  dispersal  of  the  mixing  input,  and  directly  complements 
self-mixing.  An  appropriate  combination  of  digester  shape  and 
mixing  system  at  very  low  specific  mixing  power  input  levels  (such 
as  liquor  recirculation  through  a  central  draft  tube)  should  give 
satisfactory  performance  (Casey,  1986). 

When  an  anaerobic  digester  is  performing  properly,  the 
four  steps  of  the  anaerobic  system  are  in  dynamic  equilibrium,  i.e. 
the  volatile  organic  acids  are  converted  to  methane  at  the  same 
rate  as  their  formation.  The  hydrolytic  extracellular  enzymes  are 
abundant  in  microbial  systems.  The  acid-producing  bacteria  can 
function  over  a  wide  range  of  environmental  conditions,  whereas 
the  methane-producing  bacteria  are  quite  sensitive  to  the 
conditions.  TTie  partial  pressure  of  hydrogen  in  an  anaerobic 
system  can  influence  the  products  of  carbohydrate  metabolism.  If 
hydrogen  partial  pressures  are  kept  below  10'^  atmospheres  by 
hydrogen-consuming  methanogens,  oxidation  of  NADH 
(nicotinamide  adenine  dinucleotide)  to  hydrogen  becomes 
favourable,  and  fermentation  of  hexoses  to  acetate,  hydrogen  and 
carbon  dioxide  can  occur;  higher  partial  pressures  of  hydrogen 
favour  the  formation  of  more  reduced  products  in  the  following 
order:  propionate,  butyrate,  ethanol,  and  lactate  (Zinder,  1984). 


b)  Advantages  and  Disadvantages 

The  use  of  an  aerobic  digester  for  waste  treatment  overall 
results  in  energy  production,  odour  control,  pathogen  control, 
valuable  byproducts  (methane)  and  efficient  biodégradation  of 
waste,  especially  the  removal  of  chlorine  from  PCB's  (see 
General  Electric  Case  Study). 
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The  disadvantages  of  conventional  anaerobic  digesters  are 
limitation  of  organic  loading,  the  fact  that  this  is  not  an  advanced 
technology  and  high  capital  costs  (Shin,  1987). 


c)  Case  Studies 


i.  Halifax,  N.S.  (Anaerobic  Digester) 

An  anaerobic  digester  that  removes  organic  waste  from  the 
Halifax-area  landfill  site  leachate  may  provide  an  energy-efficient 
model  for  other  Canadian  municipalities  to  follow  (Jones,  1987). 
This  system,  the  first  of  its  kind  in  Canada,  was  officially  opened 
in  June,  1987,  at  the  new  Regional  Landfill  Leachate  Treatment 
Plant  near  Sackville,  Nova  Scotia.  It  was  designed  by  the  National 
Research  Council  and  Porter  Dillon  Ltd.,  and  built  -by  the 
Metropolitan  Authority  of  Halifax-Dartmouth  and  the  County  of 
Halifax  at  a  cost  of  $35  million.  The  system  can  process  over 
4500  litres  per  hour  of  highly  concentrated  waste  liquid  (the 
leachate  is  200  times  the  strength  of  normal  sewage). 

At  this  10  year  old  landfill  site,  more  than  1  million  tonnes 
of  solid  waste  have  been  deposited  to  a  maximum  depth  of  17  m. 
The  site  is  operated  by  the  Metropolitan  Authority  and  receives 
approximately  1,000  tonnes  of  refuse  per  working  day.  The  site 
contains  about  145  hectares  of  which  30  hectares  are  cleared.  The 
daily  cover  material  and  liner  is  excavated  from  on-site  glacial  till 
material  with  a  permeability  of  1(H>  cm/s  or  less.  The  base  of  the 
fill  is  underlain  by  a  herring-bone  pattern  of  leachate  collector 
pipes  through  which  leachate  is  collected  and  pumped  into  the 
closed-system  biomass  reactor.  The  leachate  is  at  present  treated 
in  two  anaerobic  lagoons  following  which  it  is  discharged  to  a 
series  of  four  siltation  ponds,  and  then  into  a  swamp  adjacent  to 
the  Sackville  River.  The  treatment  system  consists  of  four  stages 
including  a  pre-treatment  stage,  high  rate  anaerobic  reactors  to 
reduce  organic  strength,  sludge  handling  facilities  and  polishing 
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lagoons.  The  site  plan  and  the  process  schmatic  are  presented  in 
Figures  15  and  16. 

The  pre-treatment  system  consists  of  an  equlization  tank 
with  a  volume  of  50  m^,  a  caustic  feed  system  (heavy  metals  are 
removed  by  treatment  with  caustic  soda;  the  high  calcium 
concentration  in  the  raw  leachate  discouraged  the  use  of  lime  due 
to  expected  scaling  problems)  and  rapid  mix,  flocculation  and 
settling  units. 

The  anaerobic  digester  constitutes  the  primary  treatment 
process.  This  system  includes  the  following  components: 


(1)  The  anaerobic  digesters  are  fed  on  a  semi-continuous 
basis  by  a  specially  designed  feed  station.  A  1.5  m 
diameter  closed  vessel  serves  as  the  wetwell  (covered 
and  vented  through  scrubblers  to  the  atmosphere)  for 
the  feed  pumps. 

(2)  Two  upflow  anaerobic  reactors  are  used  to  achieve  the 
reduction  of  COD  in  the  leachate.  The  waste  effluent  is 
pumped  upwards  through  a  dense  anaerobic  baacterial 
suspension  (i.e.  termed  the  sludge  blanket),  and  are 
biodegraded  in  the  process.  The  UASB  reactor  is 
designed  as  a  gravity  settler  to  maintain  high 
concentrations  of  flocculent  bacteria  inside  them.  The 
treated  liquid  flows  over  an  overflow  weir  at  the  top  of 
the  reactor,  and  is  then  discharged  or  recycled  for  more 
treatment.  The  concrete  cylinders  are  55  m  in 
diameter  and  8  m  tall.  The  effective  volume  of  each 
reactor  amounts  to  135  m^.  The  bacteria  which 
metabolize  the  organic  waste  produce  water,  carbon 
dioxide  and  methane  as  byproducts. 

(3)  Reactor  contents  are  recirculated  through  a  drawoff 
piping  network  to  provide  mixing  and  to  maintain  the 
temperature  of  the  reactors  at  35°C.  The  recirculation 
ratio  of  the  reactor's  contents  to  influent  is  established 
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FIGURE15 
HALIFAX  SITE  PLANa 
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FIGURE  16 
HALIFAX  PROCESS  SCHEMATIC2 
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initially  at  a  ratio  of  10:1.  Duplicate  heat  exchangers 
have  been  provided  and  sized  at  capacities  of  580,000 
Kjoules/hi  each,  whereas  recirculation  pumps  have  a 
rated  capacity  of  26.1  var/Ya. 

(4)  Methane  gas  produced  during  the  fermentation  is 
collected  at  the  top  of  the  anaerobic  digester  and  is 
subsequently  used  as  fuel  for  the  boiler.  At  the  initial 
and  ultimate  COD  loads  of  1,815  kg/d  and  2,400  kg/d 
respectively,  and  projected  COD  removal  efficiencies 
of  95%,  methane  generation  is  estimated  at  620  m^/d 
under  initial  conditions  and  820  m^/d  under  ultimate 
conditions.  This  gas  quantity  converts  to  heating  values 
of  938,000  Kjoules/hr,  and  1.27  million  Kjoules/hr, 
under  present,  and  ultimate  conditions,  respectively. 
The  energy  derived  from  the  gas  is  utilized  as  a  priority 
to  maintain  the  reactor  contents  at  35°C  with  excess 
gas  directed  to  space  heating. 

The  sludge  produced  during  the  anaerobic  digestion 
(consisting  of  microbial  biomass,  undegraded  insolubles,  etc.)  is 
periodically  removed  from  the  bottom  of  the  digester.  This 
material  is  then  dried  and  returned  to  the  landfill  site.  The 
combined  sludge  from  the  settling  tank  and  anaerobic  reactors  are 
transferred  to  a  covered  thickener  of  5.5  m  diameter  and  3  m 
sidewall  depth.  Supernatant  overflows  a  perimeter  V-notch  weir 
in  the  thickener  to  a  sump  from  which  it  is  conveyed  by 
submersible  pumps  to  the  equalization  tank  at  the  head  of  the 
treatment  facilities.  Thickened  sludge  is  transferred  to  the 
dewatering  equipment  automatically  in  response  to  a  level  signal 
in  the  sludge  vat  of  the  vacuum  filter.  A  skid  mounted  fully 
automated  pre-coat  vacuum  filter  system  provides  sludge 
dewatering.  Dewatered  sludge  cake  is  dumped  in  the  landfill,  and 
filtrate  from  the  operation  is  directed  to  the  aerated  lagoons. 

The  final  polishing  step  is  carried  out  in  aerated  lagoons, 
which  remove  residual  COD,  BOD  and  ammonia,  and  precipitate 
dissolved    and   suspended   solids.      The   effectiveness   of  this 
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treatment  system  for  the  biodégradation  of  xenobiotic  compounds 
has  not  to  our  knowledge  been  reported. 

After  completing  successful  pilot  scale  feasibility  tests 
(Wright  et  al.,  1986),  the  full  scale  treatment  facility  was  installed. 
According  to  the  information  from  the  Metropolitan  Authority  of 
Halifax-Dartmouth  and  the  County  of  Halifax,  the  reactor  is 
currently  removing  95  to  98%  of  the  incoming  waste  and  is 
producing  enough  methane  to  heat  the  building  it  is  housed  in. 
On-going  monitoring  of  both  process  performance  and  effluent 
exiting  the  lagoons  is  planned  for  a  minimum  of  18  months 
following  start-up  (June  1987). 


ii.  Guelph,  Ont.  (Anaerobic  Filter) 

The  enhanced  sanitary  landfill  (ESL)  is  a  treatment  scheme 
developed  at  Ontario  Research  Foundation  to  address  the 
environmental  problem  of  leachate  generation  at  municipal 
landfill  sites  (Vicevic  et  al.,  1987). 

The  enhanced  sanitary  landfill  process  is  designed  to  extend 
the  life  of  the  conventional  sanitary  landfill,  to  hasten  land 
reclamation,  to  enhance  methane  yield  and  quality,  and  to  achieve 
a  high  degree  of  environmental  control.  A  pilot-scale 
demonstration  was  established  at  Britannia  Road  Landfill  Site  in 
Peel  County,  Ontario,  and  is  shown  in  Figure  17. 

The  ESL  process  is  designed  so  that  the  biodégradation  rate 
of  the  municipal  solid  waste  (MSW)  is  maximized  by  dividing  the 
process  into  two  stages,  one  occurring  in  the  landfill  site  and  the 
second  in  a  separate  vessel.  Saturation  of  the  MSW  to  optimize 
the  process  is  achieved  initially  through  the  infiltration  of 
rainwater  and  the  temporary  redirection  of  surface  run-off  into 
the  landfill.  Leachate  is  directed  to  a  fixed  bed  of  crushed 
limestone,  where  acids  are  neutralized  and  heavy  metals 
precipitated  as  insoluble  hydroxides  and  carbonates.  The  leachate 
is  then  treated  in  the  anaerobic  filter  which  contains  a  high 
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FIGURE  17 
GUELPH  ESL  SCHEMATIC2 
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concentration  of  acclimatized  microorganisms.  Stabilization  of 
the  waste  is  optimized  by  maximizing  the  leachate  production  in 
the  landfill.  The  leachate  is  then  removed  to  an  anaerobic  filter 
for  methane  generation.  The  treated  leachate  is  recycled  back 
into  the  landfill  to  continue  the  process. 

According  to  G.  Vicevic  of  the  Ontario  Research 
Foundation  (personal  commun.),  initial  tests  with  the  system  have 
been  encouraging.  Over  50%  reduction  in  total  organic  halides 
(TOX)  in  treated  leachates  and  effluents  were  obtained. 

A  strict  monitoring  program  will  be  conducted  throughout 
the  expected  three  year  operation  period.  When  leachate  quality 
and  gas  production  and  quality  are  indicative  of  landfill 
stabilization,  the  recycling  operation  will  be  terminated.  It  is 
expected  that  the  organic  fraction  in  the  active  landfill  cell  can  be 
largely  degraded  in  one  to  four  years. 

No  information  is  available  on  the  effectiveness  of  this 
process  on  the  biodégradation  of  hazardous  landfill  leachates. 


2.  THE  FLUIDIZED  BED  ANAEROBIC  SYSTEM 

a)  Process  Description 

Conventional  anaerobic  treatment  is  restricted  to  low 
organic  loadings  (1  to  5  kg  COD/m^/d)  because  of  the  typically 
low  levels  of  microbial  biomass  in  the  reactors.  This  low  biomass 
is  the  result  of  low  growth  rates  of  the  anaerobic  bacteria. 
However,  development  of  anaerobic  reactors  using  attached 
biomass,  such  as  the  fluidized  bed  processes  (Suidan,  1987), 
resulted  in  increases  in  the  loading  (10  to  30  kg  for  filter  and  20 
to  50  kg  COD/m3/d  for  the  fluidized  bed). 
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A  fluidized  bed  reactor  wastewater  treatment  plant  may 
have  two  or  four  reactors  (giant  cylinders)  operating  in  parallel 
trains.  In  such  systems,  after  passing  through  a  filter  screen  and 
temperature  controlling  block  ,  wastewater  joins  streams  of 
nutrients  and/or  alkali  to  enter  a  fluidized  bed  reactor  at  the 
bottom.  The  solution  is  pumped  upward  through  a  media  on 
which  a  fixed  film  of  anaerobic  microorganisms  is  formed.  Biogas 
(mainly  methane)  formed  during  the  biodigestion  is  vented  at  the 
top  of  the  reactor  through  pipelines  to  storage  tanks  and  used  for 
fuel  purposes. 


b)  Advantages  and  Disadvantages 

The  major  advantages  of  fluidized  bed  anaerobic  systems 
are  the  ability  to  treat  high  strength  wastewater  in  a  rather  small 
area  and  simplicity  of  operation  (Huss  and  Ellis,  1985).  An 
additional  advantage  stems  from  the  minimal  amount  of 
monitoring  usually  needed  to  operate  such  systems.  For  example, 
the  Anitron  operation  requires  only  one  man's  time,  four  hours  a 
day  for  routine  supervision,  sampling  and  monitoring  of  TOC, 
COD,  BOD,  and  volatile  acids. 

The  main  disadvantage  of  the  attached  biomass  reactors  is 
clogging,  and  in  the  case  of  the  fluidized  bed  reactor,  there  are 
high  operating  costs  due  to  external  energy  requirements. 


c)  Case  Studies 


i.  Anitron  Fluidized  Bed  (Fluidized  Anaerobic  Bed) 

An  Anitron  fluidized  bed  reactor  system  (Dorr  Oliver  Inc., 
Stamford,  CT)  has  been  designed  to  help  Grain  Processing  Corp., 
Iowa,  treat  its  food  processing  wastewaters  (Huss  and  Ellis,  1985). 
This  system  consists  of  four  20  ft.  diameter  by  40  ft.  high  steel 
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reactor  tanks  arranged  in  independent  parallel  trains  of  two 
reactors  each.  Removal  rates  of  COD  (72-76%)  and  BOD  (80- 
83%)  have  been  routinely  maintained. 

Effective  treatment  of  hazardous  wastes  from  various 
industrial  waste  streams  has  been  recently  reported  (Suidan, 
1987). 


3.  UPWARD  FLOW  ANAEROBIC  SLUDGE  BLANKET 
PROCESSES 


a)  Process  Description 

In  the  upward  flow  anaerobic  sludge  blanket  (UASB) 
system  (Maat  and  Habets,  1987),  the  reactor  is  first  loaded  with  a 
sludge  layer  consisting  of  granulated  or  flocculent  anaerobic 
sludge.  Wastewater  is  then  pumped  in  from  evenly  distributed 
nozzles  at  the  bottom  of  the  reactor.  The  wastewater  percolates 
up  through  the  sludge  layer.  During  this  upflow  process,  the 
anaerobic  bacteria  digest  the  organic  material  present  in  the  waste 
and  generate  a  mixture  of  methane  and  carbon  dioxide.  A  small 
part  of  the  organic  matter  is  used  for  new  cell  growth  that  takes 
place  in  the  form  of  granules  with  extremely  good  settling  ability. 
The  biogas  produced  by  the  bacteria  is  in  the  form  of  small 
bubbles  that  move  upwards  through  the  reactor,  providing  a 
natural  mixing  action. 

A  schematic  view  ot  the  UASB  reactor  is  displayed  in 
Figure  18. 
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FIGURE  18 
SCHEMATIC  DIAGRAM  OF  UASBa 
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b)  Advantages  and  Disadvantages 

Capital  costs  for  the  UASB  reactor  are  comparatively  lower 
than  for  other  anaerobic  systems.  The  report  by  Habets  and 
Knelissen  (1985)  states  that  the  capital  cost  of  anaerobic 
treatment  is  88%  of  the  cost  for  aerobic  treatment,  and  the 
operating  cost  is  10%  less  than  for  aerobic  treatment  at 
Papierfabriek  Roermond  (Habets  and  Knelissen,  1985).  No 
support  medium  is  required  for  attachment  of  the  biomass,  and 
the  separation  of  gas,  liquid,  and  solids  often  only  needs  to  take 
place  in  one  tank. 

The  UASB  reactor  has  been  designed  to  overcome  the 
limitations  of  organic  loadings  of  the  conventional  anaerobic 
treatment  systems  by  introducing  granulated  flocculent  suspended 
biomass,  advanced  baffling  for  gas/liquid/solid  separation,  and 
substantially  reduced  energy  costs.  A  target  level  of  80  to  90% 
reduction  of  organic  industrial  waste  was  achieved  through 
granulation  of  the  anaerobic  sludge  when  volumetric  loadings  in 
the  UASB  reactor  were  increased  above  5  kg  COD/irP/d. 
Although  Cameron  and  Koch  (1980)  and  Boyle  and  Ham  (1974) 
showed  that  leachate  quite  readily  undergoes  anaerobic  digestion 
and  UASB's  have  been  operated  in  the  U.S.  and  the  Netherlands 
(Scott,  1982),  respectively,  this  practice  has  not  yet  received 
widespread  endorsement  by  the  landfill  industry. 

Anaerobic  processes  may  have  advantages  over  aerobic 
treatment  because  of  less  stripping  and  sludge  production.  In 
addition  to  effective  removal  of  COD,  BOD,  and  heavy  metals, 
the  methane  produced  could  be  used  as  fuel.  Anaerobic  lagoons 
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also  are  easier  to  operate  and  have  lower  capital,  and  operation 
and  maintenance  costs.  However,  it  may  be  noted  that 
ammoniacal  nitrogen  is  not  significantly  removed  in  anaerobic 
treatment.  The  difficulty  of  anaerobic  filter  operation  may  be 
comparable  to  activated  sludge.  For  upflow  anaerobic  filters,  pre- 
treatment  for  suspended  solids  removal  may  be  needed  to 
minimize  filter  plugging.  A  lower  quality  effluent  will  be 
produced  by  anaerobic  processes  necessitating  post -treatment 
such  as  carbon  sorption  (carbon  column)  and  chemical 
coagulation -filtration  for  removing  residual  heavy  metals.  Ion 
exchange  and  membrane  processes  may  be  considered  processes 
for  inorganic  ion  or  total  dissolved  solids  removal. 


c)  Case  Studies 


i.  MacMillan  Bloedel  (UASB) 

Currently  the  UASB  reactor  has  been  successfully 
commercialized  as  a  full-scale  treatment  system  in  Canada 
(MacMillan  Bloedel,  Lake  Utopia  Paper,  and  Quesnel  River  Co.). 

The  patented  BIOPAQ  system  (Pâques  Lavalin,  Toronto)  is 
a  biological  treatment  system  which  is  based  on  the  UASB 
process.  The  wastewater  is  pumped  into  the  bioreactor  through  a 
number  of  nozzles  that  are  evenly  distributed  at  the  bottom  of  the 
reactor.  This  incoming  material  then  permeates  up  through  the 
sludge  layer,  during  which  time  the  anaerobic  bacteria  digest  the 
organic  matter  present  in  the  waste,  converting  it  to  volatile 
organic  acids,  methane,  hydrogen  and  carbon  dioxide.  Full  scale 
BIOPAQ  systems  have  been  built  for  the  pulp  and  paper,  food, 
textile,  and  petrochemical  industries,  and  for  treating  domestic 
sewage. 

In  Canada,  MacMillan  Bloedel  operates  a  neutral  sulphite 
semi-chemical  corrugating  mill  and  hardboard  plant  at  Sturgeon 
Falls,  Ontario.    Currently  the  mill  discharges  5,700  m^/day  of 
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toxic  wastewater  containing  40  tonnes  of  BOD  and  100  tonnes  of 
COD.  The  system  appears  to  successfully  lower  the  BOD  levels, 
but  has  not  been  highly  effective  in  lowering  biological  toxicity. 

Following  the  successful  completion  of  a  initial  laboratory 
and  pilot  scale  research,  a  19  m^  Upflow  Anaerobic  Sludge  Bed 
Reactor  has  been  set  up  for  operation  under  the  dynamic  mill 
conditions  at  Sturgeon  Falls  (Prong  et  al.,  1987).  The 
demonstration  plant  was  constructed  and  is  being  operated  by 
Pâques  Lavalin  Ltd. 

There  are  three  major  component  parts  to  this  treatment 
system:  an  18  m^  pre -acidification /equalization  tank,  a  19  m^ 
UASB  reactor  and  an  operation/control  room.  A  schematic 
diagram  of  the  plant  is  shown  in  Figure  19.  The  average 
composition  of  the  wastewater  fed  into  the  system  is  35%  spent 
sulfite  liquor  and  65%  flotation -clarifier  effluent.  The  two 
streams  are  combined,  screened  and  then  fed  into  the  pre- 
acidification  tank,  where  caustic  soda  (for  pH  control)  and 
nutrients  (required  for  biological  growth)  are  added  to  the  feed. 

After  seeding  the  UASB  bioreactor  with  granular  sludge, 
feed  to  the  plant  commenced  May  9,  1986.  The  samples  are 
analyzed  daily  for  COD,  volatile  fatty  acids,  alkalinity,  pH  and 
total  suspended  solids;  weekly  for  BOD,  biogas,  nitrogen  and 
phosphorous;  and  monthly  for  methanogenic  activity,  volatile 
suspended  solids,  and  granular  sludge. 

After  the  first  8  months  of  operation,  the  results  obtained 
showed  that  the  biogas  produced  in  the  reactor  contained  60-65% 
methane,  35-40%  carbon  dioxide,  and  1.5%  hydrogen  sulfide. 
The  biogas  production  rate  followed  very  closely  the  volumetric 
loading  rate  (VLR)  applied,  indicating  a  healthy  and  acclimatized 
biomass.  Preliminary  results  indicate  net  granular  sludge  growth, 
and  the  biomass  is  not  overloaded.  At  a  VLR  up  to  19  kg 
COD/m^/d  the  plant  consistently  obtained  85%  BOD  removal  or 
better.  Based  on  information  presented  at  recent  technical 
conferences,  the  system  does  not  appear  to  be  very  effective  in 
detoxification  of  this  effluent.     The  ability  of  the  system  to 
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FIGURE  19 
MACMILLAN  BLOEDEL  PLANT  SCHEMATIC3 
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detoxify  hazardous  substances  would  have  to  be  demonstrated 
before  considering  any  applications  for  industrial  landfill  leachate 
treatment. 

The  projected  capital  cost  for  1987  supply  and  installation 
of  the  proposed  four  reactor  BIOPAQ  package  plant  is  $5.8  (Cdn) 
million  or  about  $140  per  kg  BOD  removed.  The  annual 
operating  costs  of  the  proposed  system  are  estimated  to  be  $0.5 
million.  The  volume  of  biogas  expected  from  the  full-scale  plant 
is  estimated  to  have  a  value  of  $900,000/year. 


4.  ANEAROBIC  BIODEGRADATION  OF  PCB'S 


a)  Process  Description 

Polychlorinated  biphenyls  (PCB's)  have  been  available 
commercially  for  more  than  50  years.  Some  of  them  are 
marketed  under  the  name  of  Aroclor  by  Monsanto  Chemical  Co., 
St.  Louis.  With  their  inherent  behaviour  as  inert,  chemically 
resistant,  fire-retarding  plasticizers,  compatible  with  a  wide  variety 
of  resins,  these  Aroclors  have  been  used  in  synthetic  resins, 
synthetic  and  natural  rubbers,  cellulose  resins,  electrical 
transformer  insulating  fluids,  hydraulic  fluids,  extreme  pressure 
oils  and  greases,  paint,  varnish,  wax,  asphalt,  and  in  allyl  starch. 
They  have  also  been  used  for  dust  prevention,  moisture  proofing, 
sealing,  impregnation,  vapour  suppression  and  to  prolong  the 
residual  life  of  pesticides. 

Recently,  analysts  involved  with  environmental  pollutants 
have  come  to  realize  that  PCB's  are  widely  distributed  in  the 
environment,  as  a  result  of  leaching  from  landfill  and  other 
industrial  waste  dump  sites  that  contain  PCB  wastes  (Platiel,  1984; 
Israelson,  1987;  Esch,  1988).  Extractable  organics  from  some 
leachates  determined  by  GC/MS  include  traces  of  PCB's  (Barker, 
1988).      Even    in   domestic  wastes,    quantitative    analyses    of 


-160- 


municipal  refuse  along  with  various  solid-waste  processing 
samples  indicated  that  PCB's  were  present  in  some  of  the  samples 
(Carnes  et  al,  1973).  New  PCB  regulations  have  been  enacted 
under  the  Environmental  Contaminants  Act.  Effective  August  1, 
1985,  the  Chlorobiphenyl  Regulations  No.  2  prohibited  the  sale  of 
materials  or  equipment  that  use  PCB's  in  liquid  concentrations 
greater  than  50  ppm  by  weight,  and  any  waste  with  PCB 
concentration  greater  than  50  ppm  requires  special  treatment. 

PCB's  have  concerns  for  human  health  because  they  are 
carcinogenic  and  they  have  been  shown  to  affect  normal  fertility, 
pregnancy,  birth  and  development  of  infants,  according  to 
numerous  reports.  Concentrations  of  PCB's  in  fish  are  highest  in 
industrial  outfalls.  The  Canadian  federal  guideline  for  the 
commercial  sale  of  fish  containing  PCB  is  2.0  parts  per  million 
(ppm),  and  MOE  suggests  that  fish  with  PCB  levels  above  2.0 
ppm  should  not  be  eaten  by  women  of  child-bearing  age  and 
children  under  the  age  of  15  years  (MOE,  1987). 

General  Electric  Company  (Corporate  Research  and 
Development)  has  for  the  past  six  years  published  a  progress 
report  on  their  research  and  development  program  for  the 
destruction  of  PCB's.  Their  recent  research  has  focused  on  five 
major  areas  (Finkbeiner  and  Hamilton,  1987): 


(1)   The  biochemistry  and  genetics  of  bacterial  oxidation  of 
PCB's: 

They  have  isolated  several  strains  of  bacteria  that  can 
degrade  certain  PCB  congeners  (biphenyl  isomers  with 
the  chlorine  atoms  in  different  carbon  positions), 
purified  and  characterized  bacterial  enzymes  of  the 
biphenyl  degradation  pathway,  and  succeeded  in 
cloning  the  genes  encoding  the  first  four  enzymes  of 
the  biphenyl  degradation  pathway  and  in  expressing 
these  genes  in  an  E.  coli  host. 
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(2)  Analysis  of  environmental  transformation  of  PCB's: 

Their  analyses  of  PCB-contaminated  sediments  from 
the  upper  Acushnet  River  estuary  and  Escambia  Bay, 
and  of  the  PCB's  in  fish  from  New  York  harbour  have 
shown  that  reductive  dechlorination  occurs  in  marine 
as  well  as  fresh  water  sediments.  This  evidence 
supports  the  notion  that  PCB  dechlorination  in 
anaerobic  sediments  is  widespread  in  nature. 

(3)  Development   of   laboratory   models   for   evaluating 
surfactant  extraction  of  PCB's  from  soil: 

An  anionic  surfactant  (which  does  not  adsorb  to  clay) 
is  shown  by  their  modeling  studies  to  be  preferable  to  a 
nonionic  surfactant  (which  adsorbs  to  the  clay)  such  as 
Triton  X-100.  The  current  problem  they  have  to  solve 
is  to  find  a  method  for  removing  the  PCB  from  the 
surfactant  wash. 

(4)  Development  of  laboratory  models  for  evaluating  the 
biodégradation  of  PCB's  on  soil: 

Their  model  studies  indicate  that  PCB  degradation  on 
soils  in  situ  is  feasible  but  it  will  take  months  to  achieve 
the  same  degree  of  degradation  as  (5)  (below) 

(5)  Reductive    dechlorination    of   PCB's    by    anaerobic 
communities: 

The  biodégradation  of  PCB's  by  anaerobic 
microorganisms  has  been  shown  to  be  feasible. 


Among  these  five  areas  of  research,  the  last  is  of  most 
relevance  to  the  present  report.  Two  studies  have  been  conducted 
under  General  Electric  PCB  Program  on  reductive  dechlorination 
of  PCB's  by  anaerobic  communities.  The  experimental  outline 
and  results  are  discussed  below  under  case  studies. 
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b)  Advantages  and  Disadvantages 

From  the  studies  it  seems  that  PCB  degradation  is  not 
simple  and  quick.  Special  cultures  may  be  required  for  specific 
congeners  (highly  chlorinated-CB),  and  the  time  required  for  the 
mineralization  of  PCB's  is  too  long  (43  weeks  as  reported  below) 
to  be  economical.  Apparently  more  research  work  is  needed  in 
this  area  of  biodégradation. 


c)  Case  Studies 

i.  Laboratory  Study:  Dr.  J.  Tiedje 

The  PCB  biodégradation  experiment  conducted  by  Dr. 
Tiedje  and  his  colleagues  atf  Michigan  State  University  involved 
the  addition  of  a  mixture  of  five  PCB  congeners  in  50  ul  of 
acetone  to  50  ml  aliquots  of  anaerobic  Hudson  River  sediment  or 
fresh  sludge  from  the  sewage  treatment  plant,  in  tightly  stoppered 
serum  bottles.  The  PCB  mixture  was  added  to  yield  a  final 
concentration  of  1  ppm  of  each  congener.  Samples  taken  at  zero 
time  and  after  1,  4,  8,  16,  32,  and  51  weeks  of  incubation  were 
extracted  for  analysis  by  capillary  gas  chromatography. 

The  results  showed  that  three  of  the  five  PCB  congeners 
added  to  Hudson  River  sediments  were  dechlorinated.  The  most 
readily  dechlorinated  congener  was  the  2,3,4,5,6-chlorobiphenyl 
(CB),  43.8%  of  which  disappeared  between  weeks  8  and  51  of  the 
experiment.  The  changes  in  the  relative  amounts  of  the  PCB 
congeners  are  interpreted  to  be  the  result  of  reductive 
dechlorination  by  anaerobic  microorganisms,  since  the  changes 
did  not  occur  in  sterile  controls.  The  extent  and  rate  of  PCB 
dechlorination  by  a  municipal  sewage  sludge  obtained  from  a 
local  sewage  treatment  plant  was  much  more  limited  as  only  one 
dechlorination  product  was  identified,  accounting  for  2% 
dechlorination  of  the  2,3,4,6,2',4',5'-CB.  These  changes  are 
consistent  with  the  environmental  data  from  GE  Reports  of  1984- 
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1986,  which  showed  that  only  ortho-substituted  chlorobiphenyls 
are  accumulated.  Their  future  plans  include  the  evaluation  of  the 
dechlorination  of  other  congeners  and  the  enhancement  of  the 
rate  of  dechlorination. 


ii.  Laboratory  Study:  Dr.  S.  Woods 

Dr.  Woods  and  co-workers  from  Oregon  State  University 
have  been  studying  the  removal  of  polychlorinated  biphenyls  from 
aqueous  solution  in  an  anaerobic  continuous  flow  reactor.  Two 
reactor  designs  have  been  used:  an  upflow  anaerobic  sludge 
blanket  (UASB)  and  a  submerged  anaerobic  filter  with  glass  rings 
used  as  a  media  for  bacterial  attachment.  Both  reactors  have 
been  seeded  with  a  mixture  containing  anaerobic  Hudson  River 
sediment  from  PCB  "hot  spots"  and  a  consortium  of  bacteria 
capable  of  dechlorinating  aromatics.  In  both  reactors,  wastewater 
containing  PCB's,  nutrients,  and  alternative  carbon  sources  is 
pumped  into  the  bottom  and  flows  out  the  top  of  the  reactor. 

The  monitoring  of  the  effluent  from  the  UASB  throughout 
the  past  year  has  not  shown  dechlorinated  PCB's  or  other  PCB 
metabolites.  It  is  believed  that  the  kinetics  of  the  degradation 
reactions  might  prevent  the  accumulation  of  metabolites. 

The  Oregon  researchers  are  continuing  their  evaluation  of 
anaerobic  PCB  degradation  in  two  different  kinds  of  continuous 
flow  reactors.  Several  replicates  of  UASB  reactors  will  be 
constructed  so  that  PCB  degradation  can  be  evaluated  under 
various  conditions. 
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C.  IMMOBILIZED  BACTERIA  BIOREACTORS 


There  are  six  general  methods  of  bacterial  immobilization: 
covalent  coupling,  adsorption,  biospecific  affinity,  entrapment  in  a 
3-dimensional  polymer  network,  confinement  in  a  liquid-liquid 
emulsion  and  entrapment  within  a  semi-permeable  membrane 
(Mattiasson,  1983).  This  is  a  relatively  new  technology  and  its 
ability  to  degrade  toxic  compounds  is  still  under  investigation  at 
the  bench-scale  level  (O'Reilly  et  aL,  1987).  In  the  following 
section,  the  techniquies  of  immobilized  cells,  zeolites,  and 
activated  carbons  are  discussed. 


1.  IMMOBILIZED  CELLS 


a)  Process  Description 

Immobilized  systems  employ  bacterial  cells  which  are 
entrapped  within  or  attached  to  an  insoluble  matrix. 

In  a  typical  cell  immobilizing  process,  an  culture  of  actively 
growing  degradative  bacteria  is  added  to  a  medium  containing  the 
toxic  waste  compound  targeted  for  biodégradation,  e.g. 
pentachlorophenol  (O'Reilly  et  aL,  1987).  When  about  half  of  the 
toxicant  (monitored  spectrophotometrically)  has  been  degraded, 
the  cells  are  collected  by  centrifugation.  The  cells  are  mixed  with 
an  equal  amount  of  sterile  4%  sodium  alginate.  The  alginate-cell 
mixture  is  added  dropwise  to  cold  50  mM  calcium  chloride.  Each 
drop  hardens  into  a  bead  containing  entrapped  cells.  The  beads 
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are  stored  at  5°C  in  an  immobilization  buffer.  During 
biodégradation  experiments  (batch  reactor  studies),  the  alginate- 
cell  beads  are  added  to  medium  containing  the  target  organic  in  a 
flask.  Either  air  or  oxygen  is  pumped  into  the  reactors  to  keep  the 
beads  circulating. 


b)  Advantages  and  Disadvantages 

Immobilized  cell  systems  are  claimed  to  have  certain 
advantages  over  either  free  cell  or  immobilized  enzyme  systems, 
including:  the  prevention  of  washout,  the  permitting  of  high  cell 
densities  to  be  maintained  in  a  bioreactor  over  a  broad  range  of 
flow  rates,  greater  catalytic  stability,  increased  tolerance  of  the 
immobilized  microorganisms  to  chemical  toxicants  (Dwyer  et  al., 
1986)  and  faster  degradation  rates  (Westmeier  and  Rehm,  1987). 


c)  Case  Studies 

Using  a  continuous  column  reactor  and  batch  bioreactors 
with  immobilized  Flavobacterium  (ATCC  39723)  cells,  the  biocide 
pentachlorophenol  was  effectively  degraded  (O'Reilly  et  al., 
1987).  These  researchers  explained  that  in  a  field  situation,  the 
input  concentration  of  a  biodegradative  reactor  is  controlled  by 
the  conditions  present  at  a  site,  while  the  output  concentration 
must  meet  certain  legal  standards.  They  suggested  that 
immobilized -cell    bioreactors    should    be    applicable    to    the 
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decontamination  of  other  compounds.  Currently  they  are 
studying  the  feasibility  of  immobilizing  their  bacteria  in  covalent 
polymers  that  have  the  stability  required  for  field  applications. 


2.  ZEOLITE 


a)  Process  Description 

The  use  of  support  material  in  anaerobic  wastewater 
treatment  has  become  popular.  Zeolites  are  crystalline 
aluminosilicates  in  which  the  primary  structural  elements  form  a 
framework  with  cavities  and  channels  of  molecular  dimensions. 
In  the  zeolite  reactors,  zeolite  gravel  is  suspended  in  the  tanks  as  a 
support  material  for  microbial  colonization.  The  composition  of 
zeolite  is:  clinoptilolite  (41%),  mordenite  (40%),  and 
montmorinollite,  calcite,  quartz  and  volcanic  glass  (19%) 
(Sanchez,  1987). 


b)  Advantages  and  Disadvantages 

As  ionic  exchangers  and  adsorbers,  zeolites  neutralize 
biological  media  by  proton  exchange,  and  can  trap  cells  to 
increase  their  viability.  The  property  of  proton  exchange  could 
make  zeolite  very  useful  in  anaerobic  wastewater  treatment 
because  of  the  low  initial  pH  of  the  reactor  feed  and  proton 
production  by  bacterial  metabolism  during  anaerobic  treatment. 
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c)  Case  Studies 

Sanchez  and  Roque-Malherbe  (1987)  studied  the  effect  of 
zeolite  as  a  packing  material  (by  suspending  it  in  cylindrical 
reactors)  and  compared  it  with  other  support  materials,  such  as 
ceramic  Raschig  rings,  PVC  pellets,  and  calcium  carbonate  stones. 
Their  studies  of  fermentation  activities  at  different  HRT,  daily 
biogas  production,  and  the  effect  of  the  volumetric  organic 
loading  versus  the  COD  reduction  showed  that  the  zeolite  was 
superior  as  support  material  for  microbial  activities  compared 
with  the  other  materials  studied. 


D.  HYBRID  SYSTEMS  EMPLOYING 

BIOLOGICAL  AND  NON-BIOLOGICAL 
TREATMENTS 


a)  Process  Description 

Carbon  serves  to  absorb  many  non-biodegradable 
pollutants,  and  provides  an  active  surface  for  concentration  of 
oxygen  and  chemical-destroying  enzymes  produced  by  bacteria. 
Speitel  and  DiGiano  (1987)  studied  the  biodégradation  of  low 
concentrations  of  phenol  and  paranitrophenol  previously 
adsorbed  to  the  granular  activated  carbon  (GAC).  The  biofilm  in 
the  activated  carbon  columns  had  two  potential  sources  of  these 
organic  substrates:  the  substrates  in  the  liquid  phase  and  those 
adsorbed  in  the  GAC.  They  suggested  that  the  microbial  activities 
in  the  activated  carbon  would  be  enhanced  if  the  GAC  capacity  is 
increased.    Increased  adsorption  occurs  in  microphores  of  GAC 
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with  pore  size  of  less  than  10  Armstrongs.  CECOS  Inc.  has 
installed  a  SBR  leachate  treatment  plant  in  Niagara,  New  York, 
adopting  a  granular  activated  carbon  system  as  a  post-treatment 
process  for  the  SBR  effluents  (described  above). 


b)  Advantages  and  Disadvantages 

Bioremediation  wastewater  treatment  processes  can  remove 
a  significant  amount  of  organic  pollutants  from  industrial 
wastewater  and  landfill  leachates.  In  order  to  remove  remaining 
refractory  xenobiotics,  activated  carbon  treatment  is  necessary  to 
be  incorporated  into  the  treatment  systems.  This  is  particularly 
important  when  the  effluents  from  the  system  have  to  meet 
discharge  standards  for  BOD  and  COD  levels. 


c)  Case  Studies 

i.  Deepwater,  NJ  (Du  Pont  PACT  System) 

The  patented  powdered  activated  carbon  treatment  (PACT) 
process  (Zimpro,  Inc.)  involves  the  controlled  addition  of 
powdered  activated  carbon  to  the  aeration  tank  of  a  conventional 
activated-sludge  system.  The  Du  Pont  Inc.  Wastewater  Treatment 
Plant  at  Deepwater,  NJ.,  has  incorporated  the  world's  largest 
PACT  system  into  its  biological  treatment  process.  The  system 
consists  of  a  conventional  continuous  flow  system,  augmented 
with  powdered  activated  carbon.  This  is  the  other  of  the  two  full 
scale  bioreactors  (besides  CECOS's  SBR  at  Niagara  Falls,  N.Y.) 
operating  in  the  state  of  New  York.  It  was  installed  in  1975  with  a 
capacity  to  treat  151,400  m3/d  industrial  wastewater.  Since  1981 
Du  Pont  has  accepted  non-Du  Pont  wastes,  and  currently  it 
handles  over  30%  of  the  waste  load  from  outside  sources, 
including  landfill  leachates  and  chemical  process  wastes.  The 
capital  costs  of  PACT  systems  for  25-  to  100-gal/min  streams 
range  from  $(US)  249,000  to  $492,000;  the  aeration  basin 
constitutes  about  31%  of  the  capital  outlay,  and  the  clarifier,  22%. 
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The  annual  operational  and  management  costs  range  from 
$39,000  to  $138,000.  Makeup  carbon  accounts  for  about  46%  of 
these  expenses  (McArdle  et  aL,  1987). 

In  this  PACT  plant,  wastewater  is  first  neutralized  with  lime 
in  three  757  m3  neutralization  tanks  operated  in  parallel.  The 
overflow  from  these  tanks  then  passes  through  four  parallel  3785 
m3  clarifiers  before  entering  four  parallel  15140  m3  aerated 
bioreactors.  The  addition  of  powdered  activated  carbon  is  made 
directly  to  the  bioreactor  to  adsorb  non -biodegradable  organics  at 
a  rate  of  120  mg/1.  The  effluent  is  then  clarified  in  two  9463  m3 
clarifiers  before  discharge  to  a  river.  A  schematic  of  the  biological 
treatment  is  shown  in  Figure  20.  Due  to  the  enormous  high  flow 
and  relatively  low  waste  levels  generated  at  the  Chambers  Works 
plant  even  with  the  addition  of  outside  wastes,  this  system  works 
practically  with  a  dilute  wastewater. 

It  is  claimed  by  the  Du  Pont  wastewater  treatment  plant 
that  it  can  remove  more  than  90%  of  40  EPA-listed  organic 
priority  pollutants,  more  than  90%  of  the  BOD,  more  than  80% 
of  the  TOC,  and  reduces  colour  by  more  than  60%,  provided  the 
wastewater  contains  over  50  ppm  PCB's,  detectable  dioxin,  and 
less  than  100  ppm  insecticides,  pesticides,  herbicides  and  free 
cyanides.  It  maintains  that  the  secret  to  PACT  efficiency  is  the 
carbon  which  serves  to  absorb  many  non-biodegradable 
pollutants,  and  provides  an  active  surface  for  concentration  of 
oxygen  and  chemical-destroying  enzymes  produced  by  bacteria. 
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E.  IN  SITU  BIOLOGICAL  TREATMENT 

a)  Process  Description 

A  number  of  in  situ  bioremediation  treatment  systems  have 
been  developed  which  permit  enhanced  biodégradation  of 
pollutants  right  in  the  ground  (Wilson  et  aL,  1986).  In  these 
processes,  groundwater  collected  down-gradient  from  the 
contamination  plume  is  mixed  with  microbial  seed  cultures  and 
required  nutrients  above  ground.  This  is  then  injected  into  the 
contamination  site  through  injection  wells  which  are  situated  up- 
gradient  from  the  contamination  plume.  In  some  systems,  the 
collected  groundwater  plus  nutrients  and  seed  are  treated  in 
above-ground  bioreactors  before  injecting  back  into  the  soil 
(Jhaveri  et  al.,  1983). 

For  aerobic  processes,  oxygen  is  provided  along  the  path  of 
the  inoculum  flow  through  a  series  of  aeration  wells.  As  the 
microorganisms,  nutrients  and  oxygen  percolate  through  the  soil 
formation,  enhanced  in  situ  biodégradation  of  pollutants  can  take 
place.  The  nutrients  and  aeration  encourage  the  growth  of  both 
the  natural  and  seeded  degradative  microorganisms.  Surfactants 
may  also  be  injected,  to  increase  the  bioavailability  of 
hydrophobic  pollutants. 


b)  Advantages  and  Disadvantages 

In  situ  soil  bioremediation  treatment  systems  are  claimed  to 
offer  a  number  of  advantages  including  alleviating  the  need  to 
physically  remove  and  transfer  contaminated  soil  and  leachate 
from  the  site.  Conventional  technologies  such  as  air  stripping  or 
carbon  adsorption  can  take  a  long  time  to  clean  up  contaminated 
soils  while  bioreclamation  may  take  a  one-,  two-  or  three-year 
time  frame  to  do  the  job.  Comparing  to  bioreclamation  using 
aerobic  processes,  biodégradation  using  anaerobic  processes  are 
much  slower  to  have  the  cleanup  job  completed  in  a  short 
timeframe.  Bioreclamation's  method  generally  costs  $4-6  for  each 


-172- 


pound  of  contaminant  removed,  compared  with  $15-20/lb  for  air 
stripping  and  $40/lb  for  carbon  adsorption  (Bluestone,  1986). 
Furthermore,  on-site  treatment  provides  the  most  cost-effective 
solutions  since  it  eliminates  the  need  for  off-site  disposal  of 
hazardous  substances,  thereby  minimizing  future  liabilities. 
Permeability  of  the  soil  (such  as  fine  silts  and  clays)  could  be  a 
problem  for  bioreclamation  since  it  depends  on  the  ability  to 
pump  and  recirculate  water  through  the  contaminated  area.  The 
more  water  that  can  percolate  through  the  contaminated  area,  the 
faster  the  degradation  will  perform. 

As  was  discussed  in  Section  IV,  the  suitability  of  in  situ  soil 
bioremediation  will  be  subject  to  many  variables  including  site 
geology  (i.e.  porosity,  hydrology,  etc.),  climatic  conditions,  and  the 
complexity  and  concentration  of  the  wastes.  With  respect  to  the 
latter,  the  composition  of  the  contaminated  plume  can  vary 
significantly  as  a  function  of  spatial  distance  (both  horizontal 
distance  and  depth)  from  the  source.  As  was  discused  earlier,  the 
most  important  constraint  on  in  situ  biodégradation  is  thought  to 
be  the  inaccessibility  of  the  pollutants  to  the  microorganisms,  as  a 
result  of  adsorption  and  other  abiotic  factors.  In  addition,  landfill 
sites  tend  to  provide  extreme  environments  for  microorganisms, 
being  extremely  toxic  due  to  the  presence  of  high  concentrations 
of  toxic  metals  and  halogenated  chemicals.  Unlike  above-ground 
treatment  systems,  process  parameters  such  as  pH  and  dissolved 
oxygen  are  not  easily  controlled  to  maintain  the  most  favourable 
conditions. 


c)  Case  Studies 

i.  Biosystems  Inc.  (In  situ  Bioremediation) 

According  to  information  received  from  Richard  Raymond 
(President  of  Biosystems  Inc.  of  Pennsylvania),  his  company  has 
utilized  techniques  of  accelerated  bioreclamation  for  fast, 
thorough,  cost-effective  clean-up  and  to  restore  aquifers  and  soil 
contaminated  with  hydrocarbons  to  acceptable,  nondetectable 
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levels  of  pollutants.  The  technique  used  by  Biosystems  Inc. 
involves  pumping  and  circulating  water  containing  nutrients  and 
liquid  oxygen  (or  hydrogen  peroxide)  through  the  contaminated 
areas  by  a  system  of  infiltration  galleries  and  recovery  wells  to 
stimulate  the  growth  of  microorganisms.  Biosystems  Inc.  has 
identified  32  different  microbes  needed  to  degrade  a  typical 
gasoline  mix.  Pollutants  are  naturally  degraded  by  this 
accelerated  bioreclamation  into  harmless  carbon  dioxide  and 
water. 

Biosystems  Inc.  has  gone  through  the  approval  procedures 
of  the  U.S.  EPA  to  get  several  systems  started  on  Long  Island  and 
in  Florida.  Recently  in  Pennsylvania,  there  was  an  incident  in 
which  the  loss  of  133,000  gallons  of  high  octane  leaded  gasoline 
occurred  as  the  result  of  a  pipeline  break,  contaminating  a 
community's  groundwater  supply  (Raymond,  1986).  Biosystems 
Inc.  applied  the  techniques  of  accelerated  bioreclamation  by 
addition  of  nitrogen,  phosphate,  and  oxygen,  which  resulted  in 
rapid  growth  of  the  indigenous  gasoline-degrading  bacteria  in  the 
contaminated  soil  and  a  fast,  thorough,  and  cost-effective  clean- 
up. 

In  another  instance  (described  by  Biosystems  Inc.), 
Biosystems  Inc.  is  conducting  an  in  situ  bioreclamation  program  in 
a  residential  area  with  private  drinking  water  wells  impacted  by 
approximately  50,000  gallons  of  residual  gasoline.  The  purpose  of 
Biosystems  Inc.'s  work  was  to  design  and  operate  a  site 
restoration  program  which  would  result  in  the  elimination  of  soil 
and  groundwater  contamination  in  a  reasonable  amount  of  time. 
Biosystems  designed,  installed,  and  is  operating  an  in  situ 
bioreclamation  system  to  meet  the  project's  goals.  It  is  estimated 
that  the  bioreclamation  phase  will  require  approximately  three 
years  at  a  total  cost  of  $990,000.  At  present  Biosystems  has 
completed  two  years  of  system  operation  and  all  indications  point 
to  project  completion  as  predicted. 
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ii.  Ecova  Corp.  (In  situ  Bioremediation) 

Ecova  Corp.  have  used  in  situ  bioremediation  for  treatment 
of  various  hazardous  soils.  In  one  case,  they  used  the  process  to 
treat  chlorinated  pesticide  contamination  at  a  chemical  blending 
and  distribution  plant  in  Montana.  Following  successful 
laboratory  studies  which  showed  that  the  pollutants  could  be 
biodegraded  under  aerobic  conditions  to  levels  below  detection 
limits,  they  designed  a  site  specific  in  situ  system  which  circulates 
aerated  groundwater  through  the  contaminated  soil.  According 
to  their  promotional  literature,  the  system  was  designed  to 
reduce  chlorinated  pesticide  levels  in  on-site  groundwater  to 
levels  below  100  ppb  and  to  prevent  off-site  migration  of 
contamninants. 


iii.  O.H.  Materials  Corp.  (In  situ  Bioremediation) 

During  the  summer  and  fall  of  1986,  a  1-acre  field 
biotreatment  system  was  implemeted  by  O.H.  Materials  Corp.  of 
Ohio  to  investigate  scale-up  treatment  for  eventual  full  scale 
remediation  of  petroleum  hydrocarbon-contaminated  soil  and 
groundwater  at  a  former  refinery  site  in  the  Midwest.  According 
to  information  they  supplied  to  us,  above  ground  treatment  of 
groundwater  in  a  50,000  gallon  bioreactor  was  used  in  conjunction 
with  irrigation  and  in  situ  landf arming  of  contaminated  soil. 
Treatment  was  continued  for  106  days.  Despite  an  unusual  period 
of  mid-study  flooding,  substantial  removal  of  petroleum 
hydrocarbon  constituents  (PHC's)  was  achieved.  At  the  end  of 
the  biodégradation  study,  78.5%  of  the  total  aliphatic 
hydrocarbons  and  90.1%  of  the  total  aromatic  hydrocarbons  had 
been  degraded.  The  nC-17/pristane  and  nC-18/phytane  ratios, 
which  are  concentration  independent  indicators  of  PHC 
biodégradation,  were  reduced  by  74  and  90%,  respectively.  These 
results  demonstrated  the  effectiveness  of  indigenous 
microorganisms  in  the  reduction  of  PHC's  from  soil  and 
groundwater  through  proper  manipulation  and  enhancement  of 
the  controllable  environmental  factors. 
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F.  SOLID-PHASE  SOIL  BIOREMEDIATION 

a)  Process  Description 

In  addition  to  in  situ  bioremediation,  several  other  methods 
have  been  recently  introduced  for  decontaminating  dumpsite  soils 
and  leachates.  Two  such  methods  which  appear  to  have  promise 
are  solid -phase  and  slurry-phase  bioremediation  processes 
developed  by  ECO  VA  Corp.,  Redmond,  WA. 

With  solid-phase  bioremediation,  soil  excavated  from  the 
contamination  site  is  spread  thinly  to  a  depth  of  between  6  and  18 
inches  on  clay-lined  treatment  beds.  Depending  on  governmental 
air  regulations,  the  treatment  facility  may  be  open-air  or  enclosed. 
The  treatment  facilities,  which  may  be  many  acres  in  size,  are 
lined  to  prevent  the  leaching  of  contaminants  into  underlying  soil 
and  groundwater. 

To  ensure  high  rates  of  microbial  activity,  seed  cultures  (i.e. 
natural  degradative  microorganisms  capable  of  catabolizing  the 
specific  contaminants),  nutrients  and  water  (for  moisture)  may  be 
applied  to  the  soil  as  required  from  an  overhead  spray  system. 
The  mixed  microbial  seed  inoculum  can  be  prepared  in  an  on-site 
fermentor,  using  cultures  derived  from  the  contaminated  site  and 
from  ECOVA's  large  culture  collection).  The  biodégradation 
process  is  aerobic,  requiring  that  the  soil  be  tilled  on  a  daily  basis. 
This  mixing  also  ensures  adequate  contact  between  the 
microorganisms,  pollutants  and  nutrients. 


b)  Advantages  and  Disadvantages 

According  to  information  provided  by  ECO  VA  Corp.,  solid- 
phase  treatment  can  be  an  efficient,  reasonably  rapid  and  cost- 
effective  process  for  bioremediation  of  many  moderately 
contaminated  soils.  The  suitability  for  a  particular  waste  will 
obviously  depend  on  the  nature  of  the  material  to  be  treated  and 
to  the  various  environmental  factors  (temperature,  etc.)  that  have 
been  described  earlier  in  Section  IV.    For  highly  contaminated 
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soils,  other  methods  (e.g.  slurry-phase  soil  bioremediation)  may 
be  more  suitable.    • 

c)  Case  Studies 

According  to  information  provided  by  ECO  VA,  solid-phase 
treatment  has  been  successfully  applied  by  them  at  a  number  of 
hazardous  waste  sites  in  the  U.S.A.  These  include  a  hydrocarbon 
contaminated  Superfund  site  on  the  Texas  Gulf  Coast,  and  a 
treatment  site  in  North  Dakota  that  was  contaminated  with 
various  herbicides. 

At  the  Texas  Superfund  site,  a  pilot-scale  solid-phase  system 
was  shown  to  effecively  treat  semi-volatile  compounds.  According 
to  their  literature,  ECO  VA  report  a  78-92%  reduction  in  levels  of 
phenanthrene,  the  predominant  semi-volatile  pollutant  in  the  soil, 
after  94  days  of  treatment,  from  a  starting  concentration  of  19-73 
thousand  ug  phenanthrene/kg  soil.  Greater  that  99%  removal  of 
the  volatile  organics  was  also  achieved.  The  entire  system  was 
enclosed,  enabling  collection  of  the  volatiles  in  an  activated 
carbon  air  management  system. 

In  the  North  Dakota  case  study,  soil  became  contaminated 
with  a  variety  of  herbicides  (2,4-D,  alachlor,  trifluralin  carbofuran 
and  MCPA)  as  a  result  of  a  fire  at  a  chemical  storage  facility.  Ten 
thousand  cubic  yards  of  moderately  contaminated  soils  (90  mg 
2,4-D /kg  soil)  were  spread  on  the  treatment  bed  as  described 
above.  The  soil  was  tilled  daily  and  the  moisture  level  maintained 
at  8-15%  by  weight.  During  the  three  month  treatment  trial, 
ECOVA  claim  that  the  combined  2,4-D  and  MCPA 
concentrations  were  reduced  from  86  ppm  to  5  ppm. 
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G.  SLURRY-PHASE  BIOREACTOR 

a)  Process  Description 

With  slurry-phase  bioremediation,  excavated  soil  is 
screened  to  remove  debris,  then  transferred  to  a  trommel  where  it 
is  combined  with  water.  The  slurry  is  then  pumped  to  one  or 
more  closed  bioreactors,  where  inoculum  and  nutrients  are  added. 
Each  bioreactor  (i.e.  fermentor)  provides  mechanical  agitation 
and  aeration,  and  monitoring  equipment.  Following  treatment, 
the  clean  soil  (i.e.  certified  clean)  can  be  dewatered  and  then 
returned  to  its  original  location. 


b)  Advantages  and  Disadvantages 

According  to  the  system's  designer,  slurry-phase 
bioremediation  is  both  cost-effective  and  practical  for  treating 
many  contaminated  soils. 

c)  Case  Studies 

In  their  promotion  literature,  ECOVA  Corp.  cite  the 
following  example  where  they  have  successfully  applied  slurry- 
phase  bioremediation.  The  site  described  is  the  same  herbicide- 
contaminated  site  in  North  Dakota  which  was  discussed  in  the 
precceding  section  on  solid-phase  bioremediation.  In  this 
cleanup,  ECOVA  applied  solid-phase  bioremediation  to  treat 
moderately  contaminated  soils  (i.e.  90  mg/kg  of  2,4-D)  and  slurry- 
phase  bioremediation  to  treat  heavily  contaminated  (i.e.  >200 
mg/kg  of  2,4-D)  soils.  More  than  750  cubic  yards  of  soil 
contaminated  with  up  to  1,500  ppm  2,4-D  and  MCPA  were 
treated  by  slurry-phase  bioremediation. 

From  initial  slurry  concentrations  of  200  ppm  2,4-D  and  186 
ppm  MCPA,  ECOVA  Corp.  claims  to  have  achieved  99% 
reductions  of  each  after  only  11  days  of  treatment.  To  achieve 
this,  three  slurry-phase  bioreactors  capable  of  treating  26,000 
gallons  of  fluid  were  employed,  together  with  a  trommel  unit  for 


slurrying  the  soil.  Additional  equipment  was  required  to  maintain 
pH,  temperature  and  aeration  at  optimal  levels  for 
biodégradation. 
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VI.  RISK  ASSESSMENT 


In  the  early  days  of  coal  mining,  the 
workers  relied  on  a  canary  in  a  cage,  to  use  as  a 
warning  for  poor  air  conditions.  If  the  canary 
fainted  or  died,  they  immediately  knew  that  the 
quality  of  the  air  was  hazardous  for  them  to 
breathe. 


A.  INTRODUCTION 

An  assessment  of  the  risks  associated  with  biological  waste 
treatment  must  include  and  evaluation  of  the  impact  of  such 
processes  on  the  health  and  safety  of  employees  and  on  the 
quality  of  the  surrounding  environment.  Precautionary  measures 
can  be  implemented  if  the  dangers  to  the  employees  can  be 
anticipated.  Since  the  early  days  of  the  canary,  sophisticated 
instrumentation  has  been  developed  which  can  detect  even  very 
small  (i.e.  ppb)  concentrations  of  toxic  substances.  This  has  been 
an  important  development  since  we  now  realize  that  the 
accumulation  of  even  minute  levels  of  certain  toxicants  over  long 
periods  of  exposure  can  be  hazardous  to  human  health,  leading  to 
cancer,  birth  defects,  etc.  (Paehlke,  1981). 

In  biological  wastewater  treatment,  the  possible  risks  to  the 
operators  from  both  the  incoming  waste  pollutants  and  the 
biological  transformation  products  must  be  considered.  Volatile 
toxicants  in  waste  streams,  noxious  volatile  fermentation  gases  or 
toxic  metabolic  by-products  may  pose  serious  health  risks  to  the 
operating  staff  unless  proper  corrective  measures  are  taken.  One 
example  is  the  production  of  hydrogen  sulfide  by  sulfate-reducing 
bacteria,  common  to  anaerobic  treatment  systems.  At  low 
concentrations,  inhalation  of  hydrogen  sulfide  can  cause 
headaches  and  nausea,  while  larger  doses  can  cause  death  (Braker 


-180- 


et  al.,  1977).  It  is  important  to  establish  which  substances  are 
toxic,  and  then  to  determine  the  toxic  threshold  levels  of  these 
contaminants.  These  important  factors  should  be  considered  when 
deciding  on  a  waste  treatment  technology,  whether  it  be 
biological,  chemical  or  a  combination  of  both. 

In  this  section  the  factors  involved  in  the  assessment  of 
biological  and  chemical  risks  of  waste  treatment  processes  are 
discussed.  In  the  initial  planning  of  a  waste  treatment  facility,  the 
proponents  have  a  legal  and  moral  responsibility  to  the  treatment 
personnel  and  to  the  surrounding  community  to  ensure  that  safety 
standards  are  developed  and  enforced  as  per  the  intent  and  spirit 
of  the  law.  The  dangers  involving  the  health  and  safety  of 
workers  depend  on  the  jobs  they  hold,  which  may  vary  widely  in  a 
treatment  facility  from  working  in  the  laboratory  with 
microorganisms  or  hazardous  substances,  to  driving  the 
transportation  vehicle  filled  with  raw  leachate  (Shuckrow  et 
a/.,1982). 

The  safety  of  the  worker  depends  upon  his/her  employer, 
whose  responsibility  is  to  implement  an  "Occupational  Health  and 
Safety  Program".  This  should  encompass  such  stipulations  as 
found  in  the  relevant  government  regulations. 


B.  ENVIRONMENTAL  REGULATIONS 


In  the  following  section  we  cite  some  relevant  government 
regulations  on  this  matter  and  present  our  considerations. 
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1.  THE  ONTARIO  ENVIRONMENTAL  ASSESSMENT  ACT 

This  act  defines  the  "environment"  as  a  natural  ecosystem 
that  includes  social,  cultural  and  economic  conditions.  The  Act's 
primary  purpose  is  to  ensure  good  environmental  planning.  The 
aims  of  the  planning  process  are: 

(1)  To  consider  positive  and  negative  environmental 
effects  of  proposed  projects. 

(2)  To  provide  sufficient  information  and  justification  to 
decide  amongst  alternatives  to  a  project,  including  the 
decision  whether  or  not  to  poceed  with  the  project. 

(3)  To  allow  the  Minister  of  the  Environment,  or  the 
Environmental  Assessment  Board,  to  decide  whether 
or  not  a  project  or  one  of  its  alternatives  should  be 
approved.  (MOE,  1980). 


2.  THE  CANADIAN  ENVIRONMENTAL  PROTECTION  ACT 

Environment  Canada  has  recently  introduced  Bill  C-74 
(Draft  Proposal)  as  an  addition  to  the  Canadian  Environment 
Protection  Act  (CEP A,  1988).  If  this  legislation  becomes  law,  it 
will  give  the  government  legal  powers  to  regulate  the  products  of 
biotechnology  such  as  genetically  engineered  microorganisms, 
novel  food  ingredients  or  other  microbial  products.  The  goal  of 
this  Bill  is  to  ensure  the  safety  of  the  Canadian  environment  by 
having  control  over  the  introduction  of  biotechnology  products, 
from  the  research  and  development  stages  through  to  the  disposal 
of  these  products.  One  of  the  controls  is  that  a  company  must 
give  at  least  365  days  notification  before  any  experiments  are  to 
be  held  outside  a  contained  laboratory.  Large  scale  commercial 
production  of  biotechnology  products  require  the  manufacturers 
to  "think  prevention".  They  must  supply  adequate  information  to 
ensure  environmental  protection  from  waste,  effluents  and 
emissions. 
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With  respect  to  the  use  of  natural  or  mutant  degradative 
bacteria  for  waste  treatment,  it  seems  that  the  New  Substances 
Notification  Regulations  of  the  Canadian  Environment  Protection 
Act,  Bill  C-74,  may  influence  their  commercial  application,  but 
this  will  not  be  established  until  passage  of  the  final  Bill. 

An  Occupational  Health  and  Safety  program  should  cover 
all  aspects  of  worker  safety,  especially  when  working  with  a 
substance  that  has  potential  risk.  A  "substance"  according  to 
CEP  A,  Bill  C-74  is  defined  as  "...any  distinguishable  kind  of 
organic  or  inorganic  matter,  whether  animate  or  inanimate...". 
The  risk  arises  from  a  substance's  intrinsic  toxic  nature  or 
hazardous  potential,-  and  the  possibility  that  humans  or  biota  will 
be  exposed  to  it  (Santos,  1987). 


3.  THE  HAZARDOUS  MATERIALS  INFORMATION  REVIEW 
ACT 

Bill  C-70,  the  Hazardous  Materials  Information  Review 
Act,  was  introduced  to  Canada's  House  of  Commons  in  June, 
1987,  as  an  amendment  to  the  Hazardous  Products  and  Canada 
Labour  Products  Acts  and  the  Canada  Labour  Code  (Majury, 
1987).  The  Bill  also  establishes  the  Workplace  Hazardous 
Materials  Information  System  (WHMIS).  Basically  WHMIS  is 
designed  to  protect  Canadian  workers  by  providing  workers  and 
employers  with  vital  information  about  hazardous  materials.  The 
Bill  achieves  this  through  worker  education  programs,  a 
cautionary  label  system,  and  a  mechanism  to  protect  sensitive 
proprietary  information. 


4.  REGULATION  309  (MOE) 

Regulation  309  is  the  regulation  on  waste  management 
under  the  Environmental  Protection  Act,  MOE.  The 
Occupational   Health   and   Safety   Program   must   also   follow 
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Regulation  309  where  standards  for  waste  management  systems 
are  laid  out  as  well  as  safety  considerations.  Included  are 
definitions,  leachate  quality  criteria,  and  procedures  to  perform 
leachate  extraction  and  tests  (i.e.  slump  test  for  liquid  waste). 
Regulation  309  also  includes  restrictions  for  landfills  and 
hazardous  waste  disposal  (MOE,1985) 


5.  THE  MUNICIPAL-INDUSTRIAL  STRATEGY  FOR 
ABATEMENT  (MISA) 

The  MISA  program  is  the  Ontario  Government's  initiative 
to  reduce  industrial  and  municipal  pollution  of  Ontario's 
waterways.  It  was  announced  in  the  form  of  a  White  Paper  tabled 
in  the  Legislature  in  June  of  1986  (MOE,  1987c). 

The  MISA  program  requires  that  all  major  industries  and 
municipalities  analyze  their  effluents  for  specific  toxic 
contaminants  and  then  install  technology  as  required  to  control 
pollutant  discharges.  The  monitoring  requirements  of  MISA  will 
be  addressed  in  the  form  of  a  monitoring  regulation  specific  to 
each  industrial  sector.  The  monitoring  phase  was  scheduled  to 
take  one  year  to  complete.  Then,  an  abatement  regulation  will  be 
introduced  which  will  establish  best  available  technology  (BAT) 
standards  for  each  sector.  According  to  the  White  Paper,  every 
company  will  be  required  to  meet  the  BAT  standards  for  its  sector 
regardless  of  the  dilution  available  in  the  receiving  water.  In 
instances  where  there  are  receiving  water  limitations,  additional 
water  quality  impact  assessments  will  be  carried  out  and  stricter 
effluent  discharge  limits  imposed,  if  appropriate. 

The  eight  major  industrial  sectors  which  comprise  some  200 
of  Ontario's  300  direct  dischargers  are  being  evaluated  first  under 
MISA.  The  eight  sectors  are:  Petroleum  Refining,  Organic  and 
Inorganic  Chemical  Manufacturers,  Pulp  and  Paper,  Metal 
Mining  and  Refining,  Industrial  Minerals,  Iron  and  Steel 
Manufacturing,  and  Electrical  Power  Generation.  Most  of  the 
remaining  direct  dischargers  will  be  covered  as  other  minor 
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sectors  are  brought  under  the  program.  The  Municipal  Sector, 
consisting  of  some  400  sewage  treatment  plants  taking  effluents 
from  some  12,000  industries,  will  also  be  covered. 

Each  industrial  sector  has  established  its  own  Joint 
Technical  Committee  made  up  of  representatives  from  the 
industry,  the  Ministry  of  the  Environment  for  Ontario,  and 
Environment  Canada.  The  task  of  these  various  Joint  Technical 
Committees  is  to  wrestle  with  and  resolve  any  sector  specific 
problems  that  arise  in  the  implementation  of  the  program. 

The  cost  of  the  monitoring  portion  of  MISA  alone  is  very 
high.  The  frequency  of  the  testing  and  the  number  of  effluents 
tested  are  obviously  key  factors  which  decide  the  analytical  cost, 
and  not  just  the  number  of  chemicals  on  the  list. 

It  is  expected  that  MISA  will  require  new  solutions  to 
reduce  toxic  chemical  discharges,  and  it  is  expected  to  stimulate 
research  to  find  both  new  water  treatment  methods  and  new,  less 
polluting,  and  more  efficient  process  technologies.  When  the 
monitoring  has  been  done,  there  will  be  a  much  larger  database 
available  for  abatement  decisions. 


C.  BIOLOGICAL  RISK  ASSESSMENT 


According  to  the  Federal  Register  of  the  U.S.  Office  of 
Science  and  Technology  Policy  (OST,  1986)  a  pathogen  is  defined 
as  a  virus  or  organism  (including  its  viruses  and  plasmids,  if  any) 
that  has  the  ability  to  cause  disease  in  other  living  organisms  (i.e. 
humans,  animals,  plants  or  microorganisms).  There  are  concerns 
about  the  microorganisms  used  in  the  biological  treatment  of 
certain  wastes,  notably  sewage  and  hospital  wastes  i.e.  wastes 
which  are  more  likely  to  contain  pathogens. 

With  industrial  landfill  leachates  and  wastewater  treatment, 
microbial  pathogens  are  unlikely  to  be  a  factor  owing  to  the 
adverse      environmental      conditions      (climate,      nutritional 
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considerations,  temperature,  toxicity,  etc.).  The  microorganisms 
that  are  responsible  for  the  breakdown  of  industrial  pollutants  in 
natural  environments  are  not  known  to  be  pathogenic  for  man. 
Furthermore,  there  appear  to  be  no  regulations  limiting  the  use 
or  release  of  natural  degradative  microorganisms  in  commercial 
waste  treatment  or  in  laboratory  or  field  research.  The  same 
applies  to  natural  microorganisms  that  have  been  subjected  to 
traditional  methods  of  mutagenesis. 

The  situation  with  respect  to  genetically  engineered 
microorganisms  is  different  in  that  there  exist  a  variety  of 
guidelines  and  pending  government  regulations  pertaining  to  their 
environmental  release  and  use  (Johnston  and  Robinson,  1984; 
CEP  A,  1988).  For  reasons  that  have  been  discussed  in  Section 
IV.4,  it  is  unlikely  that  genetically  engineered  microorganisms  will 
be  used  in  commercial  wastewater  treatment  for  some  time. 

A  waste  treatment  facility  is  considered  a  non-contained  or 
open  system.  It  is  impossible  to  completely  ensure  the 
containment  of  microbes  in  the  liquid  or  air  system  (Johnston  and 
Robinson,  1984).  The  reason  that  some  microorganisms  may 
escape  the  treatment  facility  is  because  of  the  large  volumes  of 
wastewater  being  processed.  The  enormous  volume  of  effluent 
from  typical  municipal  and  industrial  wastewater  treatment  plants 
precludes  sterilization  of  the  treated  wastewater  (Johnston  and 
Robinson,  1984).  It  has  been  found,  for  instance,  that 
microorganism  density  in  the  air  around  a  biological  wastewater 
treatment  facility  can  be  as  much  as  17/nP.  Treatment 
microorganisms  have  been  detected  as  much  as  930  m  downwind 
from  treatment  plants  (Johnston  and  Robinson,  1984).  It  should 
be  noted  that  these  are  microorganisms  are  natural  and  are 
unlikey  to  pose  an  environmental  or  health  threat. 

The  decision  to  release  microorganisms  (used  in  the 
wastewater  treatment  facility)  to  the  environment  should  be  based 
on  two  separate  evaluations,  performed  in  sequence.  Potential 
benefits  as  well  as  the  risks  to  the  environment  should  be 
evaluated  by  the  treatment  facility  management  as  well  as  the 
environmental  regulating  agency  such  as  the  MOE,  according  to 
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the  Environmental  Assessment  Act.  Even  if  these  microorganisms 
were  released  into  the  environment  the  chances  of  a  population 
thriving  would  be  low  since  availability  of  the  carbon  source 
(organic  pollutants),  nutrients  and  environmental  factors  could  be 
the  limiting  or  detrimental. 


D.  CHEMICAL  ASSESSMENT 


In  addition  to  ensuring  that  the  natural  or  seed 
microorganisms  used  to  treat  toxic  industrial  landfill  leachate 
pose  no  threat  to  the  environment,  a  safety  assessment  must  be 
performed  on  the  treated  wastewater  to  ensure  that  it  is  non-toxic. 
Toxicity  of  final  wastewater  can  result  from: 


(1)  partial   treatment    (i.e.   only   some   of  the   original 
toxicants  are  degraded). 

(2)  formation  of  toxic  microbial  intermediates  such  as  vinyl 
chloride  (See  part  IV.B.4). 


When  assessing  chemical  risk  a  number  of  questions 
questions  should  be  asked:  What  are  the  nature  and  extent  of 
risks  posed  to  human  health  and  the  environment?  What 
methodologies  are  appropriate  for  addressing  these  risks?  How 
can  these  problems  and  risks  be  mitigated?  A  well  defined  and 
appropriately  applied  risk  assessment  process  can  be  used  as  one 
tool  to  evaluate  the  problems  posed. 
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An  overview  of  methodologies  used  is  as  follows: 


(1)    Substance  identification: 

The  site-specific  toxicants  present  before  and  after 
treatment,  as  well  as  any  by-products,  have  to  be 
identified.  The  testing  can  be  achieved  by  using 
instrumentation  such  as  gas  chromatography  with  mass 
spectrometry  (GC/MS).  Only  these  very  sensitive 
analytical  techniques  are  capable  of  detecting  minute 
quantities  of  pollutants.  With  the  qualitative  and 
quantitative  analysis  results,  the  next  step  is  to 
determine  what  classes  and  levels  of  substances  are 
acceptable.  The  U.S.  EPA  has  a  Priority  Pollutant  List 
and  Ontario  is  in  the  process  of  producing  its  own 
Effluent  Monitoring  Priority  Pollutants  List  (MOE, 
1987b). 


(2)    Determination  of  Acceptable  Exposure  Levels: 

There  is  much  uncertainty  involved  in  setting  an 
acceptable  exposure  level,  since  the  current  data  are 
based  on  theoretical  assumptions  concerning  the 
extrapolation  of  animal  data  to  humans  (Granville, 
1987).  One  way  to  evaluate  potential  types  of  health 
effects  is  to  evaluate  data  of  exposure  of  animals  to  the 
toxicants  and  then  to  extrapolate  down  several  orders 
of  magnitude  to  the  levels  found  in  actual  practice  for 
humans.  Usually,  the  data  is  extrapolated  to  the  no- 
observed-adverse -effects-level  (NOAEL).  This  is  then 
divided  by  a  safety  factor  (Le.  100, 1000  or  more)  so  an 
acceptable  daily  intake  (ADI)  can  be  calculated.  The 
ADI  is  defined  as  the  daily  amount  of  substance  that 
can  be  taken  into  the  body  over  a  lifetime  without 
producing  measureable  adverse  health  effects.  The 
safety  factor  assumes  there  is  a  threshold  of  exposure, 
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below  which  no  adverse  effects  occur.  (Granville, 
1987). 

There  are  other  approaches  in  addition  to 
ADI,  such  as  the  virtually  safe  dose  (VSD),  which 
depends  on  mathematical  models  (Granville,  1987). 
The  Regulation  respecting  the  control  of  Exposure  to 
Biological  or  Chemical  Agents,  under  the  Occupational 
Health  and  Safety  Act,  also  known  as  Regulation  624, 
gives  exposure  levels,  where  "exposure"  includes 
exposures  by  inhalation,  ingestion  or  skin  contact.  The 
Ministry  of  Labour  uses  exposure  values  based  on  a 
time-weight  average,  short  term  exposure  and  ceiling 
exposure  values  (MOL,  1987).  Since  the  substances  and 
their  levels  can  only  be  accumulated  through  different 
types  of  exposures,  the  pathways  they  travel  have  to  be 
looked  at. 

(3)    Exposure  Pathways: 

A  pathways  model  should  be  developed,  so  an  estimate 
of  the  levels  of  exposure  can  be  made.  This  includes 
identifying  actual  and  potential  pathways, 
characterizing  the  populations  exposed,  and 
determining  the  potential  frequency,  duration  and  type 
of  exposure. 


Since  the  aim  of  a  treatment  process  is  to  render  the 
toxicants  harmless,  special  care  must  be  taken  to  use  safety 
protocols  and  to  anticipate  any  possible  generation  or  tranmission 
of  new  toxicant  compounds.  This  is  especially  important  when 
dealing  with  sludge  handling. 

Sludge  stabilization  methods  are  primarily  employed  to 
control  odour  and  render  sewage  sludges  non-pathogenic. 
Mesophilic  anaerobic  digestion  is  the  most  important  method  of 
stabilization.  There  is  no  standard  method  for  measuring  sludge 
stability,  as  this  depends  on  the  properties  of  the  material  to  be 
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stabilized  (Bruce  and  Fisher,  1984).  By  following  the 
Occupational  Health  and  Safety  Program  in  relation  to  proper 
equipment,  knowledge  of  emergency  procedures  and  safety  attire, 
the  worker  should  not  be  in  danger  of  any  ill  effects. 

"Processed  organic  waste"  as  defined  by  Regulation  309 
defines  waste  that  is  predominantly  organic  in  composition  and 
has  been  treated  by  aerobic  or  anaerobic  digestion,  or  other 
means  of  stabilization..."  (MOE,  1985). 


E.  CONCLUSION 

Risk  assessment  is  a  necessary  process  to  ensure  that  all 
facets  of  a  hazardous  leachate  treatment  facility  fulfill  their 
responsibilities  towards  employees  and  the  surrounding 
environment. 

Risks  are  minimized  by  such  strategies  as  substance 
identification,  determination  of  acceptable  exposure  levels  and 
exposure  pathway  analysis. 

The  microorganisms  usually  used  in  waste  treatment 
facilities  are  natural  non-pathogenic,  non-genetically  engineered 
microorganisms  and  should  have  very  little  if  any  harmful  effect 
on  the  environment. 

The  development  and  use  of  safety  protocols  for  each 
specific  waste  treatment  situation  is  important  in  assessing  the 
risks  which  biological  and  chemical  processes  pose  to  the 
environment  and  workers.  Worker  safety  depends  on  a  good 
company  program  which  strictly  follows  occupational  health  and 
safety  regulations. 

It  should  be  borne  in  mind  that  regulations  such  as 
Regulation  309  are  left  open  to  continual  revision.  The  reasons 
for  such  alterations  are  due  to  the  fact  that  better  waste 
management  and  disposal  techniques  are  being  formulated,  that 


public  awareness  of  the  hazardous  nature  and  environmental 
impact  of  the  polluting  toxicants  is  increasing,  and  that  scientists 
are  obtaining  more  information  through  basic  environmental 
research.  Therefore  health  and  environmental  regulations  must 
be  modified,  fine-tuned  and  monitored  to  suit  the  changing  needs 
of  society. 
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VH.  RECOMMENDATIONS 


Having  completed  this  comprehensive  technical  study  on 
the  biological  treatment  of  hazardous  landfill  leachates,  our 
recommendation  is  that  Ontario  should  take  a  serious  look  at  this 
promising  technology  as  an  option  for  the  remediation  of 
problematic  landfill  leachates  in  the  Ontario.  From  the  results  of 
the  different  types  of  biological  and  non-biological  waste 
treatment  systems  studied,  it  is  clear  that  biological  remediation  is 
both  technologically  and  economically  feasible  for  the 
degradation  and  removal  of  hazardous  chemicals  from  landfill 
leachates.  The  technology  offers  many  potential  advantages  over 
comparable,  non-biological  treatment  technologies  in  current 
usage. 

As  a  relatively  new  technology,  biological  treatment 
processes  are  only  slowly  coming  on-line  for  hazardous  leachate 
and  industrial  waste  treatment  in  North  America  as  compared  to 
the  more  traditional  physicochemical  technologies.  This  is  not 
because  bioremediation  systems  are  inferior  in  removing 
toxicants.  As  a  matter  of  fact,  bioremediation  systems  (as 
demonstrated  in  Section  V)  are  actually  quite  efficient  in  the 
detoxification  of  numerous  hazardous  substances  as  commonly 
found  in  landfill  leachates  and  industrial  wastewaters.  In 
addition,  biological  treatment  is  often  quicker  than  comparable 
physicochemical  processes  and  appear  to  be  more  cost-effective. 

Perhaps  the  most  significant  reasons  for  biological 
treatment  systems  not  being  as  widely  adopted  as  the 
conventional  physicochemical  methods  are  that  (1)  biological 
waste  treatment  processes  tend  to  be  poorly  understood  by  the 
management  of  both  waste-treatment  and  waste-generating 
industries  and  (2)  the  lack  of  field-tested,  full  scale  processes. 
This  situation  is  gradually  changing,  as  more  and  more  biological 
treatment  facilities  are  now  being  installed  and  people  are 
beginning  to  realize  the  benefits  of  bioremediation  processes. 
Two   recent    examples    in    Canada    are    the    anaerobic   waste 
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treatment  facility  at  the  Highway  101  landfill  site  in  Halifax  and 
the  soon-to-be -built  RBC  system  at  the  Britannia  Road  landfill 
site  in  Peel  County,  Ontario. 

The  question  is,  should  biological  waste  treatment 
technology  be  chosen  over  processes  such  as  incineration,  air 
stripping,  carbon  absorption,  etc.,  and,  if  so,  which  biodégradation 
system  should  be  selected  for  consideration?  From  the  studies  of 
these  different  bioremediation  processes,  it  is  seen  that  not  all 
processes  can  work  equally  well,  efficiently  and  economically  at 
all  the  different  landfill  sites  in  Ontario.  This  is  because  each 
landfill  site  is  unique  in  terms  of  leachate  composition,  the  types 
of  wastes  deposited,  the  varieties  of  soils,  environmental  factors 
such  as  climate,  movement  of  organics  in  the  contaminated 
plume,  and  site  hydrogeology. 

Most  authorities  in  the  field  agree  that  the  "superbugs"  sold 
by  some  of  the  microbiological  firms  do  not  work  well  for 
industrial  waste  treatment  because  of  the  complex  composition 
and  toxic  nature  of  the  waste  materials  at  most  disposal  sites  and 
the  inability  of  the  seed  microorganisms  to  effectively  compete 
with  the  native  microflora  and  establish  themselves.  A  key  area 
deserving  further  study  is  that  of  microbial  ecology  as  applied  to 
landfill  environments. 

Some  of  the  full  scale  biological  treatment  systems  such  as 
the  anaerobic  filter  system,  rotating  biological  contactor  discs, 
sequencing  batch  reactor  system  and  the  other  soil  and 
groundwater  systems  described  in  this  report  all  seem  to  function 
well  in  hazardous  waste  treatment  according  to  the  technical 
information  provided  by  the  suppliers  of  these  systems. 

In  a  complete  biological  treatment  process,  the  system  often 
requires  both  non-biological  pre-  and  post-treatment  components. 
For  example,  a  pretreatment  facility  such  as  lime  addition  for 
metal  precipitation,  and  an  activated  carbon  post-treatment 
system  as  a  final  polishing  step,  are  often  employed  to  meet  final 
discharge  standards.     Thus,  a  hybrid  system  comprising  both 
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biological  and  physicochemical  processes  will  often  be  the  best 
choice  for  a  waste  treatment  system. 

In  our  opinion,  more  bench  scale  research,  pilot  scale 
investigations  and  field  studies  are  needed  on  biodégradation 
before  a  certain  type  (or  types)  of  bio-remediation  process  can  be 
recommended  as  a  system(s)  of  choice  for  Ontario  landfill  sites. 
To  this  end,  Ontario  can  rely  in  the  expertise  of  waste 
biodégradation  scientists  and  engineers  from  university,  industry 
and  government  research  centres  to  conduct  the  applied  research. 
Any  new  treatability  studies  must  be  accompanied  by  a 
comprehensive  detailed  analysis  of  the  hazardous  pollutants  in 
the  influents  and  effluents  for  a  better  evaluation  of  the 
biodégradation  system. 
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IX.  GLOSSARY 


Acclimatization 


Adsorption 


Aerobic 

Anaerobe 

Anion 
Biodegradable 

Catabolism 

Co-metabolism 


The  adjusting  of  bacterial  cell  to  a  toxic 
environment  or  to  new  substrates,  an 
unusual  metabolic  substrate. 

The  process  by  which  molecules,  atoms  or 
ions  of  solids,  liquids  or  gases  are  retained 
on  the  surface  of  another  solid  or  liquid. 
Contrasted  with  the  penetration  into  the 
bulk  of  the  solid  or  liquid  which  occurs  in 
absorption.     - 

A  microorganism  that  grows  in  the 
presence  of  molecular  oxygen. 

A  microorganism  that  grows  in  the 
absence  of  molecular  oxygen. 

A  negatively  charged  ion. 

Capable  of  being  broken  down  by 
microorganisms 

The  metabolic  breakdown  of  complex 
organic  molecules. 

A  phenomenon  sometimes  called 
fortuitous  metabolism,  whereby  a 
bacterium  is  able  to  partially  or  totally 
transform  a  non-growth  substrate  in  the 
obligate  presence  of  another  organic 
compound  which  serves  as  its  growth 
(i.e.  carbon  and  energy  source)  substrate. 
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Commensalism 


Deoxyribonucleic 
acid  (DNA) 

Ecosystem 


Halogenated 
organic 

In  situ 


Inoculum 


Metabolism 


Mineralization 


Mutation 


Mutualism 


A  relationship  between  members  of 
different  species  living  in  proximity  in 
which  one  organism  benefits  from  the 
association  while  the  other  remains 
unaffected. 

A  complex  polymer  which  carries 
genetic  information  for  all  cells. 

A  functional  system  which  includes  the 
organisms  of  a  natural  community 
together  with  their  environment. 

Organic  compound  containing  chlorine, 
bromine,  iodine  or  fluorine. 

In  original  location  in  the  natural 
environment  (e.g.  In  situ  soil 
bioremediation). 

A  microbial  culture  used  to  seed  a  culture 
medium,  bioreactor,  waste  treatment 
system,  etc. 

The  total  chemical  changes  by  which  to 
nutritional  and  functional  activities  of  an 
organism  are  maintained. 

The  metabolic  conversion  of  complex 
organic  compounds  to  carbon  dioxide, 
water  and  simple  inorganic  substances. 

A  stable  change  in  a  gene  resulting  in 
altered  gene  expression  (i.e.  alteration  of 
the  observable  characteristics  of  an 
organism). 

An  obligatory  relationship  between  two 
populations  that  benefits  both. 
Mutualism  is  often  also  called  symbiosis. 
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Pathogen  A  microorganism  that  is  capable  of 

causing  disease. 

Xenobiotic  A  foreign  environmental  pollutant  (i.e  an 

unnatural,  man-made  chemical 
substance). 


